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ABSTRACT 
Monolith fabrication can increase methane/hydrogen volumetric storage capacity by 
increasing the density of the powder. The resulted monolith is a robust and efficient space-filling 
form for an adsorbed natural gas vehicle storage tank. To optimize monolith methane/hydrogen 
storage capacity, we studied four parameters involved in the monolith fabrication process: (I) 
precursor carbon activated with different KOH mass ratios, (II) binder/carbon mass ratio, (III) 
monolith compaction temperature and (IV) monolith compaction pressure. We found that 
precursor with different KOH mass ratio and compaction temperature both have large 
influences on monolith storage capacities. We have been able to optimize the monolith’s 
methane storage capacity by controlling these parameters in our designed formula for the 
monolith fabrication process. By applying the designed formula, the ALL-CRAFT carbons 
show the best gas storage performance among all exiting carbon samples. We determine the 
adsorbed gas film properties using the Ono-Kondo model and the linear extrapolation method. 
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Chapter 1: Introduction 
Gasoline has been widely used as an automobile fuel for decades. Since it is finite and not 
renewable, the use of alternative automobile fuels has been attracting more attention. In 
particular, two of the popular alternative automobile fuels are natural gas (NG, methane) and 
hydrogen. According to the Worldwide NG vehicle statistics [1], by year 2011, there have been 
more than 14.8 million natural gas vehicles on the road worldwide, out of which about 120,000 
were used in the United States (U.S.) [2].  Also according to the 2006 Hydrogen Posture Plan [3] 
of the Department of Energy (DOE) and U.S. Department of Transportation, a projected 37% of 
light-duty vehicles in the U.S. will be hydrogen fuel cell vehicles by 2050. As a pioneer, the 
State of California will take action to increase its use of natural gas as a motor fuel from 0.6% to 
19% of the state’s on-road transportation fuels by 2050 [4,5]. 
       It is not surprising why NG and hydrogen are being considered as appropriate 
alternative fuels. First, they are both resourceful and affordable. Compared with the increasingly 
high cost of gasoline, the costs are about $1.50 to $2.00 per gallon for NG and about $1.00 to 
$1.80 per gallon for hydrogen, based on the gallon-of-gasoline-equivalency (GGE). Second, 
both NG and hydrogen are clean fuels and meet the “No Net Material Increase in Emissions” 
standard [3,6-8]. Most importantly, such gases are renewable. The American Public Transit 
Association has stated that most current NG vehicles are run by compressed natural gas (CNG, 
250 bar) [1,2]. However, both CNG and hydrogen need to be stored in big and heavy-walled 
tanks, which are difficult to integrate in limited spaces of most passenger cars and their fuel 
storage capacity only supports a limited driving range [9]. To solve the problem, adsorbent 
materials, metal hydrides and chemical hydrides are therefore currently being studied. Ideally 
for gas storage, the amount of pressure should be reduced in such materials while still support a 
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good driving range (300 miles per 10 GGE) and possibly be capable of fast fueling and home 
fueling [10,11]. For the choice of adsorbent materials, “Classical adsorbent” materials such as 
carbonaceous, metal organic framework or covalent organic framework are considered to have 
promising storage capacities. However, none of them could currently fully meet the DOE’s 
targets for storing hydrogen or methane as shown by Tables 1-1 and 1-2 [12-14]. 
 
Table 1-1 DOE target for hydrogen onboard storage system [13] 
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Target Metric Projected Performance 
Energy density >12.5 MJ/liter (sorbent) 
(35 bar, 20°C) >9.2 MJ/liter (monolith inside tank) 
  >12 MJ/kg (tank) 
Conformability factor >92% 
Specific delivery rates >2.6 kW/L 
Lifetime >500 cycles (100 to be tested) 
Combined tank and refueling 
station cost 
<$1,500 (combined) 
Table 1-2 DOE target for methane onboard storage system [14] 
Our research objective is to replace the bulky cylindrical, heavy-walled CNG tanks in 
current NG vehicles with a flat, light-weight tank for storage of adsorbed natural gas (ANG) in 
next-generation clean vehicles. The flat tank design, made possible by the low pressure in the 
ANG tank, is central to a tank that can be mounted under the floor or in other unused space of a 
car, making NG vehicles a broadly attractive alternative to gasoline or diesel vehicles [9, 10]. 
Similar to CNG as mentioned above, one of the most important issues for ANG tanks is the 
adsorbent volumetric storage capacity (Vst). The goal for this research is to find out a formula to 
make adsorbents with high Vst for ANG tank.  
The whole work is completed at the Alliance for Collaborative Research in Alternative Fuel 
Technology (ALL-CRAFT), a partnership between the University of Missouri-Columbia (lead 
institution) and other partners for developing low-pressure, high-capacity storage technologies 
for natural gas and hydrogen as alternative fuels for advanced transportation. The rest of this 
dissertation is organized as follows: After introducing the background concepts and terminology 
in Chapter 2, we describe the monolith fabricating process and monolith characterization in 
Chapter 3. Chapter 4 discusses four fabricating parameters that may affect the gas uptake 
performance of monoliths. Chapter 5 demonstrates the absorbed gas film properties and Chapter 
6 estimates the sample surface areas of the monolith by the linear adsorption method. The 
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dissertation concludes in Chapter 7, where the gas storage performances of the ALL-CRAFT 
carbons are presented in comparison with several other carbon-based groups. 
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Chapter 2: Background 
2.1 Concepts  
The word “adsorption” is defined as the enrichment of one or more components in an 
interfacial layer. Adsorption occurs whenever a solid surface is exposed to a gas (gas-solid 
interaction [15]) or liquid (liquid-solid interaction [16]). There are two types of adsorption, (I) 
chemisorption – adsorption involving chemical reaction between the surface and the adsorbate. 
New chemical bonds are generated at the adsorbent surface. The strong interaction between the 
adsorbate and the adsorbent surface creates new type of electronic bonds. Binding energy (EB) 
typically of several eV. The forces involved are valence forces of the same kind as those 
operating in the formation of chemical compound. (II) physisorption (also known as Van der 
Waal’s adsorption) – adsorption without chemical bonding. The electronic structure of atoms or 
molecules remain partially unchanged. Typical EB  are 10-100 meV. The force involves is Van 
der Waal attractive force between adsorbate and adsorbent, the force of attraction between the 
adsorbate and adsorbent are very weak, which means this type of adsorption can be easily 
reversed by heating or by decreasing the pressure [17-19]. Therefore is suitable for ANG 
purpose. 
In this research, we work on the physisorption storage of carbon monoliths on methane and 
hydrogen gases. Adsorption is used in this dissertation in two distinct ways: 
(a) Subcritical adsorption (adsorption below critical point) as a tool to elucidate pore 
structure of materials (Section 3.2).  
(b) Supercritical adsorption (adsorption above critical temperature) as a tool to store gases.  
The critical temperate for methane gas is 33K, hydrogen gas is 190K and nitrogen gas is 
126 K. 
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Figure 2-1 Types of physisorption isotherms 
The majority of physisorption isotherms are grouped into the six types shown in FIG 2-1. 
The reversible type I isotherm is a monolayer adsorption, which is mainly obtained with 
microporous adsorbents. The reversible type II isotherm is mainly obtained with non-porous or 
macroporous adsorbents. The reversible type III isotherm is a multilayer adsorption that mainly 
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depends on adsorbate-adsorbate interactions and has no flat portion in the curve, which indicates 
the absence of monolayer formation. The type IV isotherm is mainly obtained from mesoporous 
adsorbents, which shows the formation of a monolayer followed by a multilayer adsorption. The 
Type V isotherm is uncommon; it is related to the Type III isotherm in that the adsorbent-
adsorbate interaction is weak, but it is obtained with certain porous adsorbents. The Type VI 
isotherm is a multilayer adsorption on an uniform non-porous surface [17-19]. The supercritical 
adsorption isotherms presented here are type I isotherms.  
Three groups of pores of different widths are classified by the International Union of Pure 
and Applied Chemistry: micropores (pores having an internal width less than 2 nm), mesopores 
(pores having an internal width between 2 and 50 nm) and macropores (pores having an internal 
width greater than 50 nm) [17-19]. Methane and hydrogen adsorption occur mainly in micropore 
volumes [17-19]. ALL-CRAFT defines pores with widths less than 1 nm as sub-nanometer pores 
and pores  with internal widths between 1 and 5 nm as supra-nanometer pores [20].        
Physisorption of gas-solid interactions are concerned with three quantities (capacities): 
excess adsorption, absolute adsorption and storage capacity. The illustration of physisorption gas 
storage material capacity terminology is shown in FIG 2-2.  
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Figure 2-2 Illustration of physisorption gas storage material capacity terminology [21]. Three 
different color regions represent different capacities: excess adsorption (A), absolute adsorption 
(A+B) and total storage capacity (A+B+C). 
FIG 2-3 shows the uptake performances of excess adsorption, absolute adsorption and 
storage capacity. Excess (Gibbs) adsorption is the amount of gas present over the gas that would 
be present in a reference system of the same volume at the same pressure and temperature with 
no adsorption. Excess adsorption quantity can be directly measured without theoretical 
assumption [22-23]. Absolute adsorption is the sum of excess adsorption and the adsorbed gas 
normally presented in the gas phase film density; therefore the uptake performance of absolute 
adsorption is higher than that of excess adsorption. Total storage capacity is the sum of adsorbed 
film and non-adsorbed film gas in the system. In comparison, the uptake performance of total 
storage capacity is higher than both the excess and absolute adsorptions.  
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Figure 2-3 Uptake performance of excess adsorption, absolute adsorption and total storage 
capacity 
In the ALL-CRAFT lab, we have two different methods to measure excess adsorption. 
The first method is gravimetric measurement, wherein we take four mass measurements (shown 
in Appendix A.3). The second method is manometric (volumetric) measurement, wherin we 
record the change in pressure and temperature (shown in Appendix A.1 and A.2).   
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Figure 2-4 Excess adsorption performance, assuming the film volume is constant 
 
Excess adsorption isotherm as a function of gas density is shown in FIG 2-4.  In region I, 
the change of adsorbed gas film density over the change in pressure is greater than the change of 
non-adsorbed gas film density over the change in pressure (
d𝜌film
dP
>
d𝜌gas
dP
), and therefore the 
excess adsorption has an increasing trend.  After the excess adsorption reaches a maximum 
(region II) under the increasing pressure, it falls approximately linearly (region III). In region II, 
the change of adsorbed gas film density over the change in pressure is equal to the change of 
non-adsorbed gas film density over the change in pressure (
d𝜌film
dP
=
d𝜌gas
dP
). In region III, the 
change of adsorbed gas film density over the change in pressure is less than the change of non-
adsorbed gas film density over the change in pressure (
d𝜌film
dP
<
d𝜌gas
dP
), which means that the 
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adsorbed film is saturated; that is, an increase in pressure does not add more adsorbed gas to the 
film but simply increases the density of the non-adsorbed gas. Therefore, here we are assuming 
the film volume is constant.  In region IV, the adsorbed gas film density and non-adsorbed gas 
film density are equal, which means the excess adsorption is zero. The density at which excess 
adsorption is equal to zero is called saturated film density (𝜌film,sat), but excess adsorption never 
may reach zero.  
In order to determine adsorbent storage capacity, we need to know the sample mass and 
volume. Determining the mass of an object is rather straightforward; it is the determination of 
volume that produces difficulty. Districted by different structures, such as cracks, crevices, and 
irregular passageways or regular structures, porous materials are characterized by several 
volumes  [24]. 
Solid volume, (𝑉Solid) – The volume occupied by the adsorbing solid.  
 
Pore volume, (𝑉Pore) – the volume accessible to gas that is within a dead-end of the solid particle.  
Crystal volume, (𝑉Crys) – the sum of solid volume and pore volumes.  
Interparticle void volume – the volume that exists between or outside of particles.  
Tank volume – The sum of crystal volume and interparticle void volumes. 
Crystal volume is what we use here to calculate monolith’s uptake performance. FIG 2-5 
shows the illustration of varies volume types. At the top left is a container of individual particles 
illustrating the characteristics of a tank volume in which interparticle void volume is included. At 
the top right is a single porous particle from the container and its volume is called solid volume. 
In the illustrations at the bottom left, the black areas shown are the tank volume. The illustrations 
at the bottom right represent the crystal volume which is the sum of the solid volume and pore 
volume.  
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Figure 2-5 Illustration of various volume types [25] 
In this work, there are three important performance metrics. Performance metric 1 is the 
gravimetric excess adsorption (Gex), which is equal to the mass of adsorbed film minus the mass 
that would have occupied the same volume in absence of adsorbent-adsorbate attraction. Gex  
depends only on surface area (𝛴) and EB, and is independent of porosity (𝜙). More details about 
𝜙 are introduced in Section 3.2. Performance metric 2 is the gravimetric storage capacity (Gst), 
which is the total mass of gas stored, adsorbed film and non-adsorbed gas in pores, per mass of 
sample. Gst depends on Gex and 𝜙. Performance metric 3 is volumetric storage capacity (Vst), 
which is the total mass of gases per volume stored in the sample. Vst depends on both Gex and 𝜙.  
Equation 2-1, 2-2 and 2-3 [26] are the equations to calculate Gex, Gst and Vst,  respectively. 
                𝑮𝐞𝐱(𝒑, 𝑻) =
𝑽𝐟𝐢𝐥𝐦
𝒎𝐬𝐨𝐥𝐢𝐝
(𝝆𝐟𝐢𝐥𝐦 − 𝝆𝐠𝐚𝐬),  (2-1) 
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𝑮𝐬𝐭(𝒑, 𝑻) = 𝑮𝐞𝐱(𝒑, 𝑻) + [
𝝆𝐠𝐚𝐬(𝒑,𝑻)
𝝆𝐬𝐤𝐞𝐥
∙
𝝓
(𝟏−𝝓)
],  (2-2) 
𝑽𝐬𝐭(𝒑, 𝑻) = 𝑮𝐞𝐱(𝒑, 𝑻)(𝟏 − 𝝓)𝝆𝐬𝐤𝐞𝐥 + 𝝓𝝆𝐠𝐚𝐬(𝒑, 𝑻),  (2-3) 
where Vfilm is the volume of the adsorbed film, msolid is the mass occupied by the adsorbing solid, 
𝜌film is the density of the adsorbed film, 𝜌gas is the bulk density of gas (density of the non-
adsorbed gas),  𝜙 and 𝜌skel (2.00 𝑔 𝑐𝑚
3)⁄  are the porosity and skeletal density of the sample, 
and p, T are pressure and temperature, respectively. It is clear from equations 2-2 and 2-3 that Gst 
increases and Vst decreases when ϕ increases.  
Eliminating 𝜙 from equations 2-2 and 2-3 yields  
𝑽𝐬𝐭(𝒑, 𝑻) =    
𝝆𝒈𝒂𝒔(𝒑,𝑻)
[𝟏−
(𝑮𝐞𝐱(𝒑,𝑻)−    
𝝆𝒈𝒂𝒔(𝒑,𝑻)
𝝆𝐬𝐤𝐞𝐥
)
𝑮𝐬𝐭(𝒑,𝑻)
]
     (2-4) 
which, for any fixed Gex, describes how the Vst changes with the Gst (FIG 2-6).  Combining 
equations 2-2 and 2-3, it can be seen that at a fixed Gex, Vst  rises with decreasing Gst and  
nominally diverges when the 𝜙 is nominally zero [26]. 
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Figure 2-6 Plots of Vst as a function of Gst for a constant Gex. High/low Gst correspond to 
high/low porosity, ϕ. (a) Left:  Methane storage evaluated at 298 K, 50 bar (ρgas = 0.035 g/cm3). 
(b) Right:  Hydrogen storage evaluated at 298 K, 50 bar (ρgas = 0.004 g/cm3). 
Another performance metric is intrapore density, ρint, which is the total mass of gas stored 
per volume of void space (pore volume) only, without sample volume. This intrapore density can 
be calculated from equations 2-5 and 2-6 [27] as follows :  
𝝆𝐢𝐧𝐭(𝒑, 𝑻) = 𝑮𝐞𝐱(𝒑, 𝑻) ∙ [
(𝟏−𝝓)
𝝓
] ∙ 𝝆𝐒𝐤𝐞𝐥 + 𝝆𝐠𝐚𝐬(𝒑, 𝑻), (2-5) 
𝝆𝐢𝐧𝐭(𝒑, 𝑻) =
𝑽𝐬𝐭(𝒑,𝑻)
𝝓
,     (2-6) 
without any assumptions about film thickness or the nature of the pore space. Since intrapore 
density includes the adsorbed film and non-adsorbed gas, it lies between the gas density and the 
density of the adsorbed film. Alternatively, ρint may be interpreted as the weighted mean of (i) 
the density of the adsorbed film and (ii) the density of the non-adsorbed gas with weighs equal to 
the volume fractions of the pore space that are occupied by the film and gas, respectively. This 
gives rise to the inequalities or bounds [27], 
𝝆𝒈𝐚𝐬(𝒑, 𝑻) ≤ 𝝆𝐢𝐧𝐭(𝒑, 𝑻) ≤ 𝝆𝐟𝐢𝐥𝐦(𝒑, 𝑻), (2-7)  
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𝑽𝐬𝐭(𝒑, 𝑻) < 𝝆𝐢𝐧𝐭(𝒑, 𝑻). (2-8)  
2.2 Benchmark experiments  
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Figure 2-7 Room temperature carbon monolith’s gravimetric adsorption 
(a) Left: Methane gravimetric adsorption (b) Right: Hydrogen gravimetric adsorption 
BR-0122 is a sample fabricated in 2013, and its monolith uptake performance has been 
measured by several adsorption instruments in the ALL-CRAFT lab. FIG 2-7 shows the room 
temperature Gex and Gst on carbon monolith BR-0122.  Under pressures ranging from 5-250 bar 
the methane Gex has its maximum at 70 bar but the Gex of hydrogen keeps increasing when the 
pressure increases. Our current adsorption instrument in the ALL-CRAFT lab can only go up to 
300 bar, but to have experiment data for room temperature isotherms reach zero excess 
adsorption, the testing pressure needs to go over 300 bar. We therefore could not find the 𝜌film,sat 
by running an experiment in our lab. However, by using the Ono-Kondo (O-K) model fitting on  
these isotherms, we can find the 𝜌film,sat. The details about O-K model fitting are in Chapter 5.    
The Vst  of the same monolith is shown in FIG 2-8. At room temperature and 35 bar, the 
monolith can store 4 times more methane gas than compressed methane gas in the same volume 
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and temperature. .However, the monolith can store only 1.25 times more hydrogen gas than 
compressed hydrogen gas in the same volume and temperature.   
 
 
 
  
 
 
 
Figure 2-8 Room temperature carbon monolith’s Vst 
(a) Left: Methane Vst  (b) Right: Hydrogen Vst 
 
It can be seen from FIG 2-7, at 298 K and 200 bar, methane gas density is 0.14 g/cm3. From 
FIG 2-8, the monolith methane Vst is 179.62 g CH4/L C (0.18 g/cm
3) and the 𝜙 from nitrogen 
measurement is 0.66, which implies that 𝜌int(𝑝, 𝑇) = 0.27 g/cm
3. The O-K model indicates that 
the 𝜌film,sat is 0.39 g/cm
3, based on Gex at 200 bar in the linear adsorption region where 𝜌film 
remains equal to 𝜌film,sat. These methane results validates inequality 2-7 and 2-8. 
Referring again to FIG 2-7 that at 298 K and 200 bar, the density of hydrogen gas is 0.014 
g/cm3. FIG 2-8 indicates that at 298 K and 200 bar, the monolith’s hydrogen Vst is 14.73 g H2 / L 
C (0.015 g/cm3). The 𝜙 from nitrogen measurement is 0.66, which implies that 𝜌int(𝑝, 𝑇) =
 0.022 g/cm3. At 298 K and 200 bar the hydrogen Gex is not in the linear adsorption region, 
therefore 𝜌film is not yet determined.  These hydrogen results also validates inequalities 2-7 
(partially) and 2-8. Table 2-1 summarizes the result for inequalities 2-7 and 2-8.  
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At 298 K and 200 bar 
Methane Hydrogen 
𝜌𝑔as(𝑝, 𝑇) ≤ 𝜌int(𝑝, 𝑇) ≤ 𝜌film(𝑝, 𝑇) 𝜌𝑔as(𝑝, 𝑇) ≤ 𝜌int(𝑝, 𝑇) 
0.14 𝑔 𝑐𝑚3⁄ ≤ 0.27 𝑔 𝑐𝑚3 ≤ 0.39 𝑔 𝑐𝑚3⁄⁄  0.014 𝑔 𝑐𝑚3⁄ ≤ 0.022 𝑔 𝑐𝑚3⁄  
 
𝑉st(𝑝, 𝑇) < 𝜌int(𝑝, 𝑇) 𝑉st(𝑝, 𝑇) < 𝜌int(𝑝, 𝑇) 
0.18 𝑔 𝑐𝑚3⁄ < 0.27 𝑔 𝑐𝑚3⁄  0.015 𝑔 𝑐𝑚3⁄ < 0.022 𝑔 𝑐𝑚3⁄  
 
Table 2-1: Validation of inequality 2-7 and 2-8 
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Chapter 3: Fabrication and characterization of high-surface-area nanoporous carbon 
monolith  
In the ALL-CRAFT projects, corncobs are chosen to make high-surface-area (> 2500 m2/g)  
nanoporous carbon monoliths as adsorbent materials because it is an abundant raw material 
native to the Midwest. Monolith fabrication could increase Vst by increasing the density of the 
powder and the resulted monolith is a robust and efficient space-filling form for an ANG vehicle 
storage tank [28-36].  
3.1 Monolith fabrication 
High-surface-area (> 2500 m2/g) nanoporous carbon monolith fabrication consists of 
three main steps: mixing carbon with a binder to form mixtures, compacting mixtures to form 
green bodies (compacted mixtures) and pyrolyzing green bodies to form carbon monoliths.  
3.1.1 High-surface-area nanoporous carbon powder fabrication  
High-surface-area nanoporous carbons were fabricated using a multistep method [37] 
from corncob as the starting material. There are two steps for fabricating high-surface-area 
nanoporous carbon powder: making char and activating char. To make char, a mixture of 
corncob and phosphoric acid (H3PO4) is soaked in acid solution for 12 hours with at 40 °C. After 
12 hours, the temperature is increased with a ramp rate of 0.5 °C/min to 480 °C, where it is 
maintained for 2 hours and then cooled down naturally in the furnace. The whole process 
happens in an inert gas atmosphere. Once the temperature cools down to room temperature, the 
mixture is washed with distilled water until the PH of the mixture is same as distilled water. The 
mixture is then placed in a vacuum oven and heated to 150 °C to remove moisture.  
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Potassium hydroxide (KOH) is used to activate the char to form high-surface-area 
nanoporous carbon powders. Different KOH mass ratios of activated char make different surface 
area carbons, and the more KOH used, the greater the surface area will be [20]. The mixture of 
KOH and char is soaked in distilled water and heated with a ramp rate of 5 °C/min to 700 °C, 
where it is maintained for 2 hours and then cooled down naturally in the furnace.  This whole 
process also happens in an inert gas atmosphere. Once the temperature cools down to room 
temperature, the mixture is washed with distilled water until the PH of the mixture is same as 
distilled water. The mixture is placed in a vacuum oven and heated to 150 °C to remove moisture, 
and, finally, the dry mixture is our high-surface-area nanopours carbon powder.  For naming 
convention, our carbon powder is named with two parts. The first part of a sample name 
indicates the mass ratio of KOH to carbon used. For instance, a ratio of 2:1 KOH:C was known 
as 2K. A ratio of 3:1 KOH:C was known as 3K, etc. This is then followed by a 4-digit lot 
number.   
3.1.2 Carbon and binder mixing 
In this study, a homopolymer of vinlidene chloride, polyvinylidene chloride (PVDC), is 
used as a binder. The formula of PVDC is C2H2Cl2. The reason for the use of PVDC is that after 
the pyrolysis process, PVDC could be converted to porous carbon with a decent amount of 
surface area (>1200 m2/g), high micropore volume and possibly no micropore volume clog on 
the precursor carbon that would reduce its gas uptake capacity [38-40]. At the same time, we are 
hoping during the pyrolysis process, the byproduct HCl gas leaving from PVDC could open out 
more micropore to the precursor carbon.  
 
20 
 
There are two methods to mix carbon with binder. Method 1 is a ball milling method and 
method 2 is a solvent method. For method 1, the carbon and binder mixture and several stainless 
steel balls are placed into a container and then loaded into a grinding mill for 4 hours. During the 
balls milling process, the mixture is combined uniformly and ground into an extremely fine 
powder. For  method 2, binder is mixed with tetrahydrofuran solution in a flask. A magnetic 
stirrer is dropped into the flask and then placed in a hot water bath (~40 °C) and stirred until a 
uniform solution is formed. Similarly, carbon is mixed with tetrahydrofuran solution and stirred 
in a hot bath around 40 °C for 10 minutes. Then the binder solution and carbon solution are 
mixed together and the stirring process is continued under a hot bath around 40 °C until the 
mixture forms a uniform solution. Finally, a rotovap machine is used to evaporate the solvent. 
Apart from tetrahydrofuran solution, thiolane solution and toluene solution are also candidates 
for the solvent method. Preliminary results show that monoliths fabricated with both methods 
have the same uptake performance. For this dissertation, method 1 is used.  
3.1.3 Compaction mixture 
There are two ways to do compaction. One way is cold compaction (room temperature): 
the mixture is poured into a cylindrical mold and then compacted to the desired pressure, where 
it stays for 3 to 5 minutes before removal. The alternative is hot compaction: the mixture is 
poured into a cylindrical mold and then compacted to the desired pressure and heated up slowly 
(2~3°C/min) to the desired temperature. During this process, the pressure is maintained at a 
constant. Once the desired temperature is reached, the temperature and pressure are maintained 
for 90 more minutes, and then the compacted mixture is naturally cooled down to room 
temperature under pressure. The compacted mixture is called a green body. Each compaction 
method has its own advantages and disadvantages. Hot compacted monoliths have lower 𝜙 than 
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cold compacted ones, which allows greater Vst but lower Gst  (assuming Gex remains constant). 
However, cold compaction can fabricate a green body in less than 10 minutes, while hot 
compaction takes much longer (5~6 hours), which is not a cost- or work-efficient method.    
3.1.4 Pyrolysis to form carbon monolith 
The last step is pyrolyzing green bodies to form the final product: carbon monoliths. 
Green bodies are left in a furnace, and then heated up with a constant heating rate (2 oC/min) to 
the desired temperature (700 oC). Once the temperature reaches the set value, the same 
temperature is maintained for 1 hour and then cooled down naturally. The whole pyrolysis 
process happens in an inert gas atmosphere with a constant flow rate of 5 scf/h. The pyrolysis 
process will allow hydrogen and  chloride gases to escape from PVDC and converted to porous 
carbon allowing the final product become carbon monoliths (the mixture of precursor carbon and 
carbon from PVDC) [38-40]. 
For naming convention, our carbon monolith is named with the “BR” followed by a 4-
digit lot number.   
If we know the mass of the mixture used to make a green body, we can predict the final 
mass of the monolith. The mass lost after pyrolysis will allow us to know whether there are still 
hydrogen or chloride molecules in the samples. PVDC molar mass is 96.950 g/mol, and the C2 
molar mass is 24.022 g/mol. By knowing the mass of PVDC used to form the mixture, we can 
calculate the carbon mass added to the precursor carbon after pyrolysis.   
BR-0122 is fabricated with 48 g of precursor carbon and 60 g of PVDC, and after 
pyrolysis, the monolith mass is 62.1 g. For the theoretical result, assuming no mass loss when 
compacting the mixture and that only hydrogen and chloride are escaped in the sample without 
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any loss from precursor carbon or carbon from PVDC during the pyrolysis process, the total 
mass of the monolith will be 62.87 g (48 g precursor carbon plus 14.87 carbon from PVDC). The 
experimental result is a good match with the theoretical result.  
Also if we know the green body’s density, and if the volume of the green body remains 
the same (Vm = Vg) after pyrolysis, we can predict the carbon monolith’s density by  
𝝆𝐦 =
𝒎𝐦
𝒎𝐠
 𝝆𝐠,   (3-1) 
where 𝜌m is the monolith’s density,  𝜌g is the green body’s density, mm is the monolith’s mass, 
mg is the green body’s mass, Vm is the volume of the monolith and Vg is the volume of the green 
body.  Equation 3-1 clearly shows that in order to have a high 𝜌m,  𝜌g should be high as well. 
Also, hot compaction can increase monoliths’ density compared with cold compaction. The 
reason is that 𝑚g under hot compaction is less than that under cold compaction once some of the 
hydrogen and chorine gases have already escaped. If  𝜌g and mm remain constants,  𝜌m is larger 
corresponding to a smaller 𝑚g. 
3.2 Monolith characterization  
Specific surface area (Σ), pore size distribution (PSD) and cumulative pore volume (CPV) 
can be determined from subcritical nitrogen isotherm measurements at 77 K on an Autosorb-1C 
Quantachrome Instruments.  The specific Σ  is determined from sub-critical nitrogen isotherms 
using Brunauer-Emett-Teller (BET) theory in the pressure range of 0.01 – 0.03 P/P0. Besides, Σ  
can also be estimated from the linear adsorption region of Gex as will be presented in Chapter 6.  
The PSD and CPV are both calculated from quenched solid density functional theory: the former 
provides the information for differential pore volumes; and the latter allows for the configuration 
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of pore volume for each segment. Both PSD and CPV contributes to EB and gives the 
information for predicting methane and hydrogen uptake performances [37,41].  
There are two methods for determining the monolith 𝜙, which we name as crystal 
porosity (𝜙Crys), originally defined by 
𝝓𝐂𝐫𝐲𝐬 ≡
𝑽𝐏𝐨𝐫𝐞
𝑽𝐏𝐨𝐫𝐞+𝑽𝐒𝐨𝐥𝐢𝐝
 ,  (3-2) 
where 𝑉Pore represents the total pore volume and 𝑉Solid represents the solid volume. First, by 
dividing both the numerator and the denominator in Equation 3-2 by 𝑚solid, we have 
𝝓𝐂𝐫𝐲𝐬 =
𝑽𝐏𝐨𝐫𝐞
𝒎𝐬𝐨𝐥𝐢𝐝
𝑽𝐏𝐨𝐫𝐞
𝒎𝐬𝐨𝐥𝐢𝐝
+
𝑽𝐒𝐨𝐥𝐢𝐝
𝒎𝐬𝐨𝐥𝐢𝐝
 ,  
where 𝑚solid represents the solid mass. Define ρSkel =
𝑚solid
VSolid
= 2.00 g cm3⁄ . It then follows that 
𝝓𝐂𝐫𝐲𝐬 =
𝑽𝐏𝐨𝐫𝐞
𝒎𝐬𝐨𝐥𝐢𝐝
𝑽𝐏𝐨𝐫𝐞
𝒎𝐬𝐨𝐥𝐢𝐝
+ 𝝆𝐒𝐤𝐞𝐥
−𝟏
 , 
and thus 
𝝓𝐂𝐫𝐲𝐬 = [𝟏 + (𝝆𝐒𝐤𝐞𝐥 ∙
𝑽𝐏𝐨𝐫𝐞
𝒎𝐬𝐨𝐥𝐢𝐝
)
−𝟏
]
−𝟏
. (3-3) 
by dividing both the numerator and the denominator in the previous equation by 
𝑉Pore
𝑚solid
.  For the 
first method, 𝜙𝐶𝑟𝑦𝑠 can be determined based on equation 3-3 where  𝑉Pore is determined from 
nitrogen adsorption at 77K, at a relative pressure of 0.995.  This approach is referred to as the 
nitrogen measurement method. The resulted 𝜙 is called intragranular porosity. 
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For the second method, we start again with Equation 3-3, 
𝝓𝐂𝐫𝐲𝐬 ≡
𝑽𝐏𝐨𝐫𝐞
𝑽𝐏𝐨𝐫𝐞 + 𝑽𝐒𝐨𝐥𝐢𝐝
 , 
which is equivalent to  
𝝓𝐂𝐫𝐲𝐬 =
𝑽𝐂𝐫𝐲𝐬 −  𝑽𝐒𝐨𝐥𝐢𝐝
𝑽𝐂𝐫𝐲𝐬
 =  𝟏 −
𝑽𝐒𝐨𝐥𝐢𝐝
𝑽𝐂𝐫𝐲𝐬
 
where 𝑉Crys = 𝑉Pore + 𝑉Solid and thus 
𝝓𝐂𝐫𝐲𝐬 = 𝟏 −
𝑽𝐒𝐨𝐥𝐢𝐝
𝒎𝐬𝐨𝐥𝐢𝐝
𝒎𝐬𝐨𝐥𝐢𝐝
𝑽𝐂𝐫𝐲𝐬
  
by multiplying 
𝑚solid
𝑚solid
  to 
VSolid
VCrys
.  Since  
𝑚solid
VCrys
 =ρCrys which is the density, it follows that 
𝝓𝐂𝐫𝐲𝐬 = 𝟏 −
𝝆𝐂𝐫𝐲𝐬
𝝆𝐒𝐤𝐞𝐥
 .  (3-4) 
Here 𝜌Crys is easy to get by measuring 𝑉Crys and 𝑚solid.  𝜙Crys can be easily determined based 
on Equation 3-4. This approach is referred to as the geometric volume determination method.  
The resulted 𝜙 is called  intergranular porosity.   
 
Table 3-1 Porosities of four monolith samples 
Sample name
Porosity from N2 
measurements 
(P1)
Porosity from
geometric volume
determination (P2)
% discrepancy
[(p1-p2)/p1]
BR-0117 0.68 0.69 -1%
BR-0122 0.66 0.68 -3%
BR-0132 0.7 0.72 -2%
BR-0134 0.7 0.69 2%
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 Table 3-1 shows the results of 𝜙Crys given by both of the methods discussed above for 
four monolith samples. It can be seen that the methods agree well with the highest discrepancy 
equal to 3%. Gst and Vst were calculated, respectively, based on intragranular porosity for 
powders and on intergranular for monoliths. 
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Chapter 4: Monolith fabrication parameters 
To optimize monoliths’ Gst and Vst on methane and hydrogen gases, we studied four 
parameters involved in the monolith fabrication process: (I) precursor carbon activated with 
different KOH mass ratios, (II) binder/carbon mass ratio, (III) monolith compaction temperature 
and time and (IV) monolith compaction pressure. Next, we focus on methane data at 35 bar 
which is the DOE target pressure for methane uptake.  Also we focus on hydrogen data at 200 
bar for comparison purpose since most other research groups have reported their data at the same 
pressure but DOE does not have a target pressure for hydrogen uptake. 
4.1 (I) Precursor carbon activated with different KOH mass ratios 
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Figure 4-1 Monoliths from precursor carbon powders activated with different KOH mass ratios 
have different PSD, CPV,  𝜮 and 𝝓.  
In our studies, various KOH mass ratios (2K, 3K and 4K) activated carbon powders were 
used as precursor to make monoliths. Theoretically, these monoliths should have different uptake 
performances because based on our experimental results, these precursor carbon powders have 
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different uptake performances. The aim here is to know monolith fabricated with which KOH 
mass ratio activated carbon powder can give the highest Gst and Vst.  Nitrogen data in FIG 4-1 
shows that monoliths from precursor carbon powders activated with different KOH mass ratios 
have different 𝛴, 𝜙, PSD and CPV, which implies that these monoliths should have different 
uptake performances. Therefore we expect these samples to have different Gex, Gst and Vst. 
4.1.1 Methane studies 
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Figure 4-2  Monoliths from precursor carbon powders activated with different KOH mass ratios 
have different methane Gex. 
As shown in FIG 4-2 and 4-3, monoliths from precursor carbon powders activated with 
different KOH mass ratios have different Gex, Gst and Vst. At room temperature and 35 bar, the 
2K monolith has the lowest Gex  and the 4K monolith has the greatest Gex. However 2K monolith  
has a lower 𝜙 than 3K and 4K monoliths, which end up the 2K monolith to have higher Vst but 
lower Gst. Based on these three monoliths, 2K carbon gives the highest Vst,  but 3K and 4K  
carbons give the highest Gst.  
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Figure 4-3 Full methane isotherm (5-250 bar) on monoliths from precursor carbon powders 
activated with different KOH mass ratios have different methane Gex, Gst and Vst. (a) Left: 
Gravimetric adsorption as a function of pressure. The small difference (± 5) of Gex is not very 
apparent in large scale. (b) Right:  Vst as a function of pressure.  
4.1.2 Hydrogen studies 
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Figure 4-4 Monoliths from precursor carbon powders activated with different KOH mass ratios 
have different hydrogen Gex. 
The results from hydrogen studies (shown in FIG 4-4 and 4-5) agree with those from 
methane studies except for Vst.  These different KOH mass ratio monoliths have different Gex  
and Gst but the almost the same Vst. The 3K monolith gives the highest Gst. However, because 
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hydrogen gas has low density at room temperature, with small differences (±0.5 g H2/kg C) on 
Gex and  𝜙 at a difference of ±0.1, the differences of Vst  are not apparent. 
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Figure 4-5 Full hydrogen isotherm (5-250 bar) on monoliths from precursor carbon powders 
activated with different KOH mass ratios have different hydrogen Gex and Gst but the same  Vst. (a) 
Left: Gravimetric adsorption as a function of pressure. The small difference (± 0.5) of Gex is not 
very apparent in large scale. (b) Right:  Vst as a function of pressure.  
4.1.3 Conclusion for 4.1 (precursor carbon activated with different KOH mass ratios) 
Based on these three monoliths’ performance, to optimize Vst, 2K carbon is a better 
precursor than 3K and 4K. However to optimize Gst, 3K and 4K carbon are the better options.  
4.2 (II)  Binder/carbon mass ratio (b/c)  
Nitrogen data in FIG 4-6 shows that precursor carbon powder without binder has the 
highest 𝛴 (2600 m2/g) , 𝜙 (0.74)  and CPV,  when compared with two different monoliths 
fabricated with different binder/carbon mass ratios (b/c). The monolith with the lower binder 
mass ratio (b/c=0.5) has lower 𝛴 (2100 m2/g), 𝜙 (0.70) and CPV than precursor carbon powder. 
This indicates that binder decreases 𝛴,  𝜙 and clogs micropore volumes, The monolith with the 
higher binder mass ratio (b/c=1.25) has lower 𝛴  (1800 m2/g), 𝜙 (0.66) and CPV than the 
monolith with lower binder mass ratio (b/c=0.5),   which indicates that more binder decreasing 
more 𝛴 and 𝜙 and clogs more micropore volumes. Since a difference in 𝛴 ,𝜙 and CPV results in 
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different uptake performances, we expect these samples to have the different Gex, Gst and Vst as 
well.  
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Figure 4-6 Monoliths with different b/c have different PSD, CPV,  𝜮 and 𝝓.  
In order to figure out samples’ Gex,  Gst and Vst  with different b/c, we fabricated a wide 
range of pellets (½ in diameter and ½ inch tall) with b/c ranging from 0.25 to 5 with cold 
compaction.  
The compaction pressure for these pellets were at 15, 000 PSI. At 15, 000 PSI and b/c 
lower than 0.2, the mixture cannot form a solid green body. When b/c increases, the green body’s 
density also increases, which indicates that PVDC can increase the green body’s density. The 
result is shown in FIG 4-7.  At 15, 000 PSI, a pure PVDC compacted green body has a density of 
1.59 g/cm3. If we keep on increasing b/c, eventually under the same compaction pressure we 
expect to get a green body’s density equal to a pure PVDC compacted green body.   
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Figure 4-7 Green body densities with different b/c 
After pyrolysis, pellets’ densities with b/c ranging from 0.25 to 2 increasing linearly. For 
every unit’s increase of b/c, the pellet’s density is increased by 0.85 units. However, when b/c is 
larger than 2, the density is instead increased by 0.09 units (FIG 4-8).   
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         Figure 4-8 Pellet’s densities with different b/c 
When b/c is larger than 2, with the standard pyrolysis heating ramp rate (2oC/min), green 
bodies have irregular volume expansion. However, when the heating ramp rate changes to 
0.1oC/min, green bodies maintain regular shaped whenever b/c is less than 4. A different 
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pyrolysis process is needed for samples with b/c larger than 4 to prevent green bodies’ volume 
expansion from being irregular.    
4.2.1 Methane studies 
At room temperature and 35 bar, pellets’ Gex is shown in   FIG 4-9. The figure shows that, 
Gex decreases when b/c increases. The figure also shows that  Gex has an exponential decay trend 
and eventually, when the b/c is at infinity, the Gex will be the same as pure PVDC carbon’s Gex. 
The 35 bar data are measured with the gravimetric instrument and the PVDC carbon data are 
from D.F. Quinn’s paper [42]. 
 
Figure 4-9 pellets’ Gex as a function of b/c at room temperature and 35 bar 
Due to the fact that the pellets’ Gex and 𝜙 decrease when b/c  increases, these cold 
compacted pellets have Vst from 93 to 96 g CH4 / L C as shown in FIG 4-10. However, pellets 
from the lowest b/c have the greatest Gst because they have the highest Gex and 𝜙. Theoretically, 
the more binder is used, the more Gex and 𝜙 decrease, so pellets with the highest b/c have the 
lowest  Gex and Gst.  Gst will decrease when b/c increases. FIG 4-10 shows Gst  for all these pellets, 
which confirms the theoretical results. 
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Figure 4-10 At 35 bar and room temperature, pellets with different b/c have different  Gst and Vst. 
(a) Left: Gravimetric storage capacity as a function of b/c. (b) Right:  Vst as a function of b/c. 
In order to figure out the homogeneity of our samples and scale-up ability, we fabricated 
monoliths with b/c of 0.5, 1.25 and 2.0 with cold compaction. The results are used to compare 
against the pellets result. The reason we chose these three b/c is because the cold compacted 
pellets indicated that monoliths with b/c of 1.25 and 2.0 have the highest Vst and those with b/c of 
0.5 has the lowest Vst, therefore if these extreme region samples have the same result as the 
pellets, then we can assume that other samples scale up performance will remain the same as 
pellets as well. Note that we did not choose b/c of 0.25 because the pellet is fragile. 
 FIG 4-11 shows gravimetric adsorption of these monoliths with different b/c. As expected, 
the monolith with the most binder has the least Gex and monolith with the least binder has the 
highest Gex and Gst. At 35 bar, these monoliths’  Vst  is about 96 g CH4/LC. The Gex for the 
pellets and these monoliths matched.  The results indicate that we have homogeneous samples 
and that we are able to do mass production without losing uptake performances. The monolith 
with b/c of 0.5 has its Vst  slightly higher than the pellet due to the difference of porosities. 
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During the pyrolysis process, the pellet has slightly greater volume expansion compared to the 
monolith, causing the pellet to have slightly higher porosity.   
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Figure 4-11  Monoliths with different b/c have different hydrogen Gex and  Gst but almost the 
same Vst. (a) Top Left: Gex as a function of pressure. (b) Top Right:  Gst as a function of pressure. 
(c) Bottom: Vst as a function of pressure.   
4.2.2 Hydrogen studies 
The results from hydrogen studies (shown in FIG 4-12) agree with those from methane 
studies. The monolith with the least binder has the greater Gex and Gst.  The monolith with the 
more binder has lower Gex and Gst. These monoliths have about the same Vst again. 
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Figure 4-12 Monoliths with different b/c have different hydrogen Gex and  Gst but almost the 
same Vst. (a) Top Left: Gex as a function of pressure. (b) Top Right:  Gst as a function of pressure. 
(c) Bottom: Vst. as a function of pressure.   
4.2.3 Conclusion for 4.2 (b/c for cold compacted monoliths) 
Monoliths with the lowest b/c have the greatest Gst because they have the highest Gex and 𝜙. 
Therefore, in order to make monoliths with high Gst, we need b/c to be as small as possible. 
However, monoliths with b/c of 0.5, 1.25 and 2 have about the same Vst.   Monoliths with b/c of 
0.5 and 1.25 were fabricated with hot compaction and the results will be used to figure out with 
which b/c can lead to a higher monolith Vst (section 4.3). Note that b/c of 2 was not selected due 
to technical difficulty. 
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4.3 (III)  Monoliths compaction temperature  
As mentioned in chapter 3.13, monoliths can be made with either hot compaction or cold 
compaction. In order to find out a monolith’s performance with the influence of compaction 
temperature, monoliths with two different b/c (0.5 and 1.25) were fabricated at different 
compaction temperatures (25 oC, 230 oC and 260 oC).  The reason we fabricated monoliths at 230 
oC or a higher temperature is that PVDC starts to decompose at 170 oC to 200 oC, and 230 oC 
will ensure the PVDC starts decomposition. All these monoliths were fabricated under the 
constant pressure and the same heating rate of 2 oC/min, therefore, monoliths fabricated at a 
higher temperature take a longer time to make.   
Nitrogen data in FIG 4-13 shows that monoliths with b/c of 0.5 compacted at 25 oC and 
230 oC have almost no difference in 𝛴, PSD and CPV but different 𝜙. Therefore, these monoliths 
should have the same Gex but different Gst and Vst. 
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Figure 4-13 Monoliths with b/c of 0.5 compacted at different temperatures have almost no 
differences in 𝜮, PSD and CPV but have different 𝝓.  
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4.3.1 Methane studies 
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Figure 4-14 Monoliths (b/c=0.5) compacted at different temperatures have same methane  Gex but 
different Gst and Vst. (a) Left: Gravimetric adsorption as a function of pressure. (b) Right:  Vst as a 
function of pressure. 
As predicted and shown in FIG 4-14, monoliths compacted at  25 oC  and 230 oC have the 
same Gex when b/c equals 0.5. The 260 
oC compacted monolith also has the same Gex,  which 
implies that the sample  𝛴,  PSD and CPV   must be the same for both  25 oC  and 230 oC 
compacted monoliths, and that neither a higher temperature nor a longer heating time changes 
the porous structure.  Therefore, we conclude that when b/c equals 0.5, any compaction 
temperatures between 25 oC and 260 oC  should give the same uptake performance on Gex. FIG 
4-14 also shows that hot compacted monoliths with lower 𝜙 have smaller  Gst but higher Vst than 
the cold compacted ones.   
In addition, for the same Gex, FIG 4-15 shows that Vst  increases but Gst decreases as 𝜙 
decreases. From all results above for monoliths with b/c of 0.5, we may consider that when b/c 
equals 1.25, monoliths compacted at 25 oC, 230 oC and 260 oC should also have the same Gex. 
However, FIG 4-16 shows that in that case, monoliths from hot compaction have slightly lower 
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Gex those from cold compaction. On the other hand, these monoliths from hot compaction have 
significantly lower  𝜙 resulting a higher Vst than those from cold compaction. 
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Figure 4-15 (Methane data) Plots of Vst versus Gst at constant Gex. High/low Gst correspond to 
high/low ϕ. Cold compacted monolith (the blue square data points) has higher porosity than the 
hot compacted monolith (the red circle points) (a) Left: Effect of densification on Vst and Gst as 
function of apparent density and ϕ for a constant Gex. (b) Right: Vst as a function of Gst for a 
constant Gex. 
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Figure 4-16 Monoliths (b/c=1.25) compacted at different temperatures have different methane  
Gex,  Gst and Vst. (a) Top: Gex as a function of pressure. (b) Bottom left: Gst as a function of 
pressure. (c)  Bottom right:  Vst as a function of pressure. 
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4.3.2 Hydrogen studies 
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Figure 4-17 Monoliths (b/c=0.5) compacted at different temperatures have same hydrogen Gex 
but different Gst and slightly different Vst. (a) Left: Gravimetric adsorption as a function of 
pressure. (b) Right:  Vst as a function of pressure. 
As shown in FIGs 4-17 and 4-19, the results from hydrogen studies agree with those from 
methane studies. When b/c equals 0.5, monoliths compacted at 25 oC, 230 oC and 260 oC have the 
same  Gex;  cold compacted monoliths have higher 𝜙 and Gst than hot compacted ones; and Vst  
increases but  Gst decreases as 𝜙  decreases.  In addition, for the same Gex, FIG 4-18 shows that 
Vst  increases but Gst decreases as 𝜙 decreases.  
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Figure 4-18 Plots of Vst versus Gst at constant Gex. High/low Gst correspond to high/low ϕ. Cold 
compacted monolith (the blue square data points) has higher porosity than the hot compacted 
monolith (the red circle points) (a) Left: Effect of densification on Vst and Gst as function of 
apparent density and ϕ for a constant Gex.. (b) Right: Vst as a function of Gst for a constant Gex. 
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In comparison with FIG 4-16, FIG 4-19 shows that when b/c equals 1.25 for hydrogen 
studies, cold compacted monoliths have higher 𝜙 and Gst again as compared to hot compacted 
ones. But with respect to Gex, monoliths compacted at 25 
oC and  230 oC have about the same 
uptake performance and both outperform the monolith compacted at 260 oC. In addition, both 
230 oC and 260 oC hot compacted monoliths have higher Vst   than cold compacted ones. 
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Figure 4-19 Monoliths (b/c=1.25) compacted at different temperatures and times have about the 
same hydrogen Gex but different Gst slightly different Vst. (a) Top: Gex as a function of pressure. 
(b) Bottom left: Gst as a function of pressure. (c)  Bottom right:  Vst as a function of pressure. 
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4.3.3 Conclusions for 4.3 (monolith compaction temperature)  
It is clear that hot compacted monoliths have higher Vst  but  lower  Gst  than cold 
compacted ones. In order to have high Vst, a monolith needs to be fabricated with hot compaction. 
However, since a high b/c will decrease  Gex in hot compaction,  a monolith with high b/c is not a 
good candidate for optimizing  Vst. From both of the methane and hydrogen studies, we conclude 
that monoliths with b/c of 0.5 from hot compaction give the highest Vst. 
4.4 (IV) Monolith compaction pressure 
A monolith’s  𝜙 plays a major role in Gst and Vst. With the same Gex, the higher the 
monolith 𝜙 is, the more gas it can store gravimetrically. However, the lower the monolith 𝜙 is, 
the more gas it can storage volumetrically. To make a monolith with high 𝜙, we have to apply 
the minimum pressure in order to allow the mixture to form a solid piece and then stay as a solid 
piece after pyrolysis. However, to make a monolith with low 𝜙, we need to apply high pressure 
but without losing any Gex performance.  For compressing a substance, pressure and density are 
correlated but not directly proportional. When the substance reaches its maximum density (the 
highest attainable density of the substance under given conditions), the density will remain the 
same even under more pressure. Fabricating green bodies at their maximum densities without 
losing Gex performance will allow monoliths to have the highest Vst. 
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Figure 4-20 Compaction pressure versus green body density. 
As shown by FIG 4-20, when compaction pressure (cold compaction) goes higher, green 
bodies’ density also gets higher. The green body compacted at 90,000 PSI has a density 10% 
higher than that compacted at 15,000 PSI. However, after the pyrolysis process, monoliths 
compacted at 90,000 PSI are about 3~5 % denser than those compacted at 15, 000 PSI.  
4.4.1 Methane studies  
When b/c equals 0.5, monoliths compacted at pressures ranging from 15,000 PSI to 90, 
000 PSI show no difference in Gex, which implies that under cold compaction, a pressure of 
90,000 PSI does not change porous structures. The density of monoliths compacted at 90,000 
PSI are only 3~5% higher than those compacted at 15,000 PSI and the Vst has only about 1~2% 
increment.  
4.4.2 Conclusion for 4.4 (monolith compaction pressure)  
Without losing Gex performance, a high compaction pressure  can decrease monoliths’ 𝜙. 
Therefore, to make monoliths with higher Vst, we need to use high pressure (≤ 90, 000 PSI). 
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However, to fabricate monoliths with high Gst, minimum pressure should be applied to allow the 
mixture to remain solid piece even after pyrolysis.  
4.5 Performance comparison between carbon monoliths and precursor carbon  
4.5.1 Methane studies 
 
Figure 4-21 At room temperature and 35 bar, monoliths with different b/c and compacted at 
different temperatures have different methane Vst. 
The DOE has a target on Vst   under the standard temperature and pressure condition. FIG 
4-21 shows that at room temperature and 35 bar, monoliths with different b/c compacted at 
different temperatures have different Vst.  At room temperature and 35 bar, precursor carbon 
powder’s  Vst is 108 g CH4/L C. Cold compacted monoliths have about 14% less Vst than 
precursor carbon powder. However, monoliths with b/c of 1.25 hot compacted at 230 oC and  
260 oC have the same Vst as the precursor carbon powder; and monoliths with b/c of 0.5 hot 
compacted at the same temperatures have Vst  at 112 g CH4/L C which outperform the precursor 
carbon powder and give the highest Vst. Therefore, we fabricate monoliths for the reason of such 
great performance.   
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FIG 4-21 also indicates that monoliths from hot compaction have about 16 to 20 % more 
Vst than those from cold compaction. One reason is that hot compacted monoliths have 𝜙 about 3 
to 9 % lower than cold compacted ones.  
Remarks: MeadWestVaco donated 400 kg carbon powder to ALL-CRAFT, using which 
we fabricated about 40 kg of monoliths for the California Energy Commission project (500-08-
022). The finished products are 3.5” in diameter and about 6” tall, all fabricated with b/c of 0.5 
hot compacted at 230 oC. The averaged Vst for these monoliths is 108 g CH4/LC. 
FIG 4-22 shows that at room temperature and 35 bar, monoliths with different b/c  and 
compacted at different temperatures have different Gst. Cold compacted monoliths with b/c of 
0.50 give the highest Gst (205 g CH4/kg C), which is very close to that given by the precursor 
powder under the same condition (209 g CH4/kg C). Also as expected, both  FIGs 4-21 and 4-22 
show that monoliths with the highest  Gst  do not give the highest Vst.  
 
Figure 4-22 At room temperature and 35 bar, monoliths with different b/c and compacted at 
different temperatures have different methane Gst. 
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4.5.2 Hydrogen studies 
 
Figure 4-23 At room temperature and 200 bar, monoliths with different b/c and compacted at 
difference temperatures have slightly different hydrogen Vst. 
The DOE also has a target for hydrogen storage and as compared to the methane Vst shown 
by FIG 4-21, FIG 4-23 shows that at room temperature and 200 bar, hydrogen Vst is slightly 
different for the same monoliths. Again, the monoliths with b/c of 0.5 from hot compaction have 
the highest Vst. Although hot compacted monoliths have 𝜙 about 3 to 9 % lower than cold 
compacted ones, such low decrease of 𝜙 is not sufficient to increase Vst very much since 
hydrogen gas has a very low density at room temperature. A performance comparison between 
precursor carbon powder and monoliths is not yet available due to the lack of hydrogen uptake 
data on the precursor carbon powder. 
Remark: At 77 K and 200 bar,  monoliths with  b/c of 0.5 and hot compacted at 230 oC has  
Vst around 50 g H2/L C, which is 3.33 times more than its storage at room temperature. In order 
to reach the DOE target on hydrogen storage, lowering the storage temperature is a possible way. 
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Figure 4-24 At room temperature and 200 bar, monoliths with different b/c compacted at 
different temperatures have different hydrogen Gst. 
At room temperature and 200 bar, FIG 4-24 shows monoliths with different b/c compacted 
at different temperatures have different hydrogen Gst. Similar to that from the methane study as 
shown by FIG 4-22, monoliths that give the highest hydrogen Gst  are again those with b/c of 0.5 
from cold compaction. Although it is not easy to increase hydrogen Vst at room temperature, 
increasing Gst instead can be a possible strategy to increase the monolith storage capacity.  
4.6 Chapter Conclusion  
From the studies of the four parameters involved in the monolith fabrication process, we 
conclude that to make monoliths with high Vst or  Gst, the  precursor carbon powder should have 
the corresponding performance as well. Based on our experimental results, at room temperature 
and 35 bar, carbon powders activated with lower KOH mass ratios (1.85-2.5) have higher Vst but 
lower Gst than those activated with higher KOH mass ratios (3-5).  On the one hand, in order to 
decrease ϕ without lowering Gex, monoliths should be hot compacted at 230 oC under a high 
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pressure (≤ 90, 000 PSI) with b/c equal to 0.5. On the other hand, in order to obtain a high Gst,  
monoliths should be cold compacted at 25 oC under a  minimum pressure with b/c less than or 
equal to 0.5.  In addition, FIGs 4-21 to 4-24 show that monoliths with high methane storage 
capacities also have high hydrogen storage capacities.  
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Chapter 5: Adsorbed gas film properties in nanoporous carbon monoliths 
In order to find out the adsorbed gas film properties, some widely used adsorption 
modeling theories are the Langmuir model [43,44],  the simplified local density model [45,46],  
the theory of volume filling micropores [47,48],  the ideal adsorbed solution theory [49,50],  the 
modified Dubinin-Astakhov model [51],  and two-dimensional equations of states  model [52]. 
However, since they only work well for low-pressure absolute adsorption in general, such 
existing appoaches do not apply to measuring excess adsorption to be considered in our 
experiments. 
We estimate the binding energy (EB) of the gas-solid interaction, the saturated film density 
(𝜌film,sat) and the saturated film thickness for the adsorbed gas film properties. To estimate EB 
and 𝜌film,sat, one way is to fit the monolayer O-K model using Gex as a function of bulk gas 
density (𝜌gas) as shown by Equation 5-1, which was developed for excess adsorption and work 
well with high-pressure data [53-56] 
𝑮𝐞𝐱 = 𝟐𝒂
(𝟏−
𝝆𝐠𝐚𝐬 
𝝆𝐟𝐢𝐥𝐦,𝐬𝐚𝐭
)(𝟏−𝐞𝑬𝐁 𝐑𝑻⁄ )
(𝟏+(
𝝆𝐠𝐚𝐬 
𝝆𝐟𝐢𝐥𝐦,𝐬𝐚𝐭
−𝟏)𝐞𝑬𝐁 𝐑𝑻⁄ )
 , 
Equation 5-1 Monolayer Ono-Kondo model 
where a is a scaling factor and Gex as a function of 𝜌gas is measured by experimental data. 
Typically, the EB for methane-carbon interaction and hydrogen-carbon interaction are about 10 
kJ/mol and 4-5 kJ/mol, respectively. 
There are alternative ways to estimate EB and 𝜌film,sat. The areal excess adsorption (Gex 
divided by 𝛴), 𝐴ex,  is a direct measure of the EB because it depends only on how strongly the 
surface adsorbs gases, but not on pore volume and 𝛴 of the sample [28].  That means, if two 
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samples have the same Gex but different 𝛴, the sample of a lower 𝛴 will have a higher Aex. 
Theoretically, the higher Aex is, the higher EB will be. As introduced in Section 3.2, there are two 
methods to determine 𝛴:  𝛴BET based on nitrogen adsorption at 77K and 𝛴LA based on the linear 
adsorption region of Gex
 (as will follow in Chapter 6). Next, the results in 5.1 show that the 
estimated Aex based on 𝛴LA is always higher than that based on 𝛴BET because the estimated 𝛴LA 
turned out to be 40 to 70 % larger than the estimated 𝛴𝐵𝐸𝑇 . For 𝜌film,sat, one can apply linear 
extrapolation on the high-pressure Gex isotherms. The slope resulted from the linear region can 
be used to find out the saturated film thickness [57].  More details about the methods for 
estimating 𝜌film,sat and the saturated film thickness will follow in Sections 5.2 and 5.3, 
respectively.  
5.1 Binding energy of gas-solid interaction (𝐸B) 
5.1.1 Monoliths from precursor carbon powders activated with different KOH mass ratios  
5.1.1.1 Methane studies 
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Figure 5-1 (Methane data) Monoliths from precursor carbon powders activated with different 
KOH mass ratios have different Aex. (a) Left: Aex based on 𝜮𝐁𝐄𝐓 (closed symbols). Right: Aex 
based on 𝜮𝐋𝐀 (opened symbols). 
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As shown in Section 4.1, monoliths from precursor carbon powders activated with 
different KOH mass ratios have different 𝛴 and Gex, which implies they might have different EB.  
The O-K model confirms this and indicates that the 2K monolith has the highest EB of 10.0 
kJ/mol. In addition, the 3K monolith has the EB of 8.5 kJ/mol and the 4K monolith has the lowest 
EB of 8.0 kJ/mol. A similar comparison can be seen from the plot of Aex shown by FIG 5-1, 
based on 𝛴LA determined by linear adsorption. However, the plots based on 𝛴 determined from 
N2 adsorption at 77 K (𝛴BET) show contradiction and will be further investigated.  
5.1.1.2 Hydrogen studies 
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Figure 5-2 (Hydrogen data) Monoliths from precursor carbon powders activated with different 
KOH mass ratios have different Aex. (a) Left: Aex based on 𝜮𝐁𝐄𝐓 (closed symbols).. Right: Aex 
based on 𝜮𝐋𝐀 (opened symbols). 
As shown in FIG 5-2, the results from hydrogen studies agree with those from methane 
studies. Aex based on  𝛴LA shows that the 2K monolith  has the greatest EB and the 4K monolith 
has the least EB. Meanwhile, the Aex plots based on 𝛴BET show contradiction again. The EB 
estimated by the O-K model is not reported here because at room temperature and pressure up to 
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250 bar, the hydrogen Gex does not show a peak or a decreasing trend, resulting in a large 
standard error (more than 20 %) in estimating EB. 
5.1.1.3 Conclusion for 5.1.1 (monoliths from precursor carbon powders activated with different 
KOH mass ratios) 
Both the O-K model and the Aex plots based on 𝛴LA indicate that monoliths fabricated 
from precursor carbon activated at a higher KOH mass ratio has a smaller EB. However, the Aex 
plots based on 𝛴BET show contradiction, where the 4K monolith appears to have a higher Aex 
than both the 2K and 3K monoliths. The reason is that the 4K monolith has its lowest 𝛴BET from 
nitrogen measurements as shown in FIG 4-1. According to our studies [20], carbon powder 
activated with a higher KOH mass ratio has a higher 𝛴. Therefore, the 4K monolith should have 
a higher 𝛴 than both the 2K and 3K monoliths, and hence a lower Aex than the 3K monolith 
based on their about the same Gex. The contradiction implied by 𝛴BET indicates measurement 
error.  
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5.1.2 Monoliths fabricated with different binder/carbon mass ratios under cold compaction  
5.1.2.1 Methane studies 
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Figure 5-3 (Methane data) Monoliths fabricated with different b/c have about the same Aex. 
As shown in section 4.2, monoliths fabricated with b/c of 0.5, 1.25 and 2 have different 
Gex. As for EB, the O-K model indicates slightly different values of 9.3 kJ/mol, 9.4 kJ/mol and 9.8 
kJ/mol, respectively. Meanwhile, FIG 5-3 shows similar comparison as well. Plots of Aex based 
on 𝛴BET are not available yet because there have been no nitrogen measurements.  
54 
 
5.1.2.2 Hydrogen studies 
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Figure 5-4 (Hydrogen data) Monoliths fabricated with b/c of 0.5, 1.25 and 2 have slightly 
different Aex. 
As shown in FIG 5-4, The plots of  Aex based on 𝛴LA  in hydrogen studies agree with 
those in methane studies. Monoliths with b/c of 0.5, 1.25 and 2 have slightly different EB.  
5.1.2.3 Conclusion for 5.1.2 (monoliths fabricated with different binder/carbon mass ratios 
under cold compaction) 
Indicated by the O-K model and shown by Aex given by FIGs 5-3 and 5-4, monoliths with 
differenct b/c (0.5, 1.25 and 2) have only slightly different performance on EB  and 𝐴ex. 
Therefore, we conclude that b/c does not play a significant role in affecting EB.   
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5.1.3 Monoliths compacted with different temperatures   
5.1.3.1 Methane studies 
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Figure 5-5 (Methane data) Monoliths (b/c=0.5) compacted with different temperatures have the 
same Aex. (a) Left: Aex based on 𝜮𝐁𝐄𝐓. Right: Aex based on 𝜮𝐋𝐀. 
In addition to the role of b/c on EB, we also investigated whether different compaction 
temperatures make a difference. As shown by FIG 5-5, when b/c equals 0.5, monoliths 
compacted at 25 oC, 230 oC, and 260 oC all have the same Aex based their same values of Gex and 
𝛴 given by Section 4.3. The O-K model also implies the same EB of 9.3 kJ/mol for all monolith 
samples with b/c of 0.5. For monoliths with b/c of 1.25, the O-K model implies the same EB of 
9.4 kJ/mol. Meanwhile, FIG 5-6 also show that these monoliths have the same Aex.  Note that due 
to the unavailability of 𝛴BET measurements, Aex based on 𝛴BET is not known for monoliths 
samples with b/c of 1.25 and those with b/c of 0.5 compacted at 260 oC. 
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Figure 5-6 (Methane data) Monoliths (b/c=1.25) with different compacted temperatures have the 
same Aex. 
5.1.3.2 Hydrogen studies 
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Figure 5-7 (Hydrogen data) Monoliths (b/c=0.5) compacted with different temperatures and 
times have the same Aex. (a) Left: Aex based on 𝜮𝐁𝐄𝐓. Right: Aex based on 𝜮𝐋𝐀. 
As shown in FIGs 5-7 and 5-8, the Aex  comparison given by hydrogen studies agree with 
that given by methane studies. Both 𝛴LA and 𝛴BET show that monoliths compacted at different 
temperatures have almost the same Aex with the same b/c (0.5 or 1.25). Among them, monolith 
with b/c of 1.25 compacted at 230 oC has a slightly higher Aex compared to those compacted at 
57 
 
other temperatures. We explain this by its Gex same as that of the cold compacted monolith, 
together with its 𝛴 that is also the same as that of the 260 oC compacted monolith. However such 
small differences are insufficient to indicate a higher EB.  
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Figure 5-8 (Hydrogen data) Monoliths (b/c=1.25) compacted with different temperatures have 
almost the same Aex.  
5.1.3.3 Conclusion for 5.1.3 (monolith compacted with different temperatures)   
Based on the methane and hydrogen results on Aex and indicated by the O-K model, the 
compaction temperature does not have a significant influence on  EB.  
5.1.4 Conclusion for 5.1 (binding energy) 
For the comparison of EB, estimates given by the O-K model and from the Aex  plots 
based on 𝛴LA agree for monoliths with different b/c, compacted at different temperatures and 
from precursor carbon powder activated with various KOH mass ratios. Neither the compaction 
temperature nor b/c significantly affects EB. Since a lower KOH mass ratio relates to a higher EB 
performance and a lower KOH mass ratio also results in a lower sample 𝛴,  it follows that EB is 
lower for a larger 𝛴.   However, if EB can be increased while maintaining 𝛴, both Gex and Vst will 
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be increased for a constant ϕ. That is the aim for one of the ALL-CRAFT ongoing research 
projects and will be realized by using the boron-doped high-surface-area carbon.  
5.2 Saturated film density (𝜌film,sat) 
The 𝜌film,sat involved in the O-K model can also be determined using linear extrapolation 
on the Gex linear adsorption region, which is the intercept of the linear part on the density axis at 
which excess adsorption is zero. If such 𝜌film,sat is close to the density of liquid gas used in the 
measurement, then it will demonstrate that the saturated film resembles as liquids. 
5.2.1 Methane studies  
FIGs 5-9 to 5-12 show that the O-K model (lines) fit our experimental data (symbols) well. 
The yellow highlighted zone in these figures is the linear adsorption region. 
5.2.1.1 Monoliths from precursor carbon powders activated with different KOH mass ratios  
Since monoliths from precursor carbon powders activated with different KOH mass ratios 
(2K, 3K and 4K) have different Gex as shown in Section 4.1, we expect them to have different 
𝜌film,sat. Such results are verified by results from both the O-K model and the linear 
extrapolation method. As shown by FIG 5-9, the O-K model indicates that 2K monolith has 
𝜌film,sat of 0.422 g/cm
3 which resembles as liquid methane (at 1 bar and 112 K). In addition, the 
estimated 3K and 4K monolith have 𝜌film,sat of 0.385 g/cm
3 and 0.345 g/cm3, respectively. 
Similar estimates are given by the linear extrapolation, which indicates 𝜌film,sat of 0.438 g/cm
3 
(>0.422 g/cm3, the  liquid methane density), 0.394 g/cm3 and 0.356 g/cm3, respectively, for 
monoliths with KOH mass ratios equal to 2K, 3K and 4K. 
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Figure 5-9 O-K model indicates that monoliths from precursor carbon powders activated with 
different KOH mass ratios have different 𝝆𝐟𝐢𝐥𝐦,𝐬𝐚𝐭. 
5.2.1.2 Monoliths fabricated with different binder/carbon mass ratios under cold compaction 
We also expect that monoliths fabricated with different b/c have different 𝜌film,sat as they 
have different Gex as shown in Section 4.2. As shown by FIG 5-10, the O-K model indicates that 
monolith with b/c of 2 has a 𝜌film,sat of 0.410 g/cm
3, which is very close to the liquid methane 
density.  For monolith with b/c of 0.5 and 1.25, the 𝜌film,sat estimates are 0.381 g/cm
3 and 0.392 
g/cm3, respectively. Results from linear extrapolation agree and give similar estimates of 0.396 
g/cm3, 0.390 g/cm3 and 0.395 g/cm3, respectively, for 𝜌film,sat of monolith with b/c equal to 0.5, 
1.25 and 2. 
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Figure 5-10 O-K model indicates that monoliths with different b/c have different 𝝆𝐟𝐢𝐥𝐦,𝐬𝐚𝐭.  
5.2.1.3 Monoliths compacted with different temperatures 
Based on the fact that monoliths compacted at different temperatures have about the same  
Gex as shown in Section 4.3, we expect that they also have the about the same 𝜌film,sat. The actual 
estimates given by the O-K model and the linear extrapolation method both vary in small ranges, 
which are 0.380 –0.405 g/cm3 and 0.393 – 0.397 g/cm3, respectively for monoliths with b/c equal 
to 0.5, and  0.392-0.406 g/cm3 and 0.390 to 0.393 g/cm3, respectively, for monoliths with b/c 
equal to 1.25. One may notice that for monolith samples with the same b/c, the range of 𝜌film,sat 
estimated by the linear extrapolation method are smaller than that given by the O-K model as 
shown in FIGs 5-11 and 5-12. 
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Figure 5-11 O-K model indicates that monoliths (b/c=0.5) compacted at different temperatures 
have slightly different 𝝆𝐟𝐢𝐥𝐦,𝐬𝐚𝐭.  
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Figure 5-12 O-K model shows that monoliths (b/c=1.25) compacted at different temperatures 
have slightly different 𝝆𝐟𝐢𝐥𝐦,𝐬𝐚𝐭.  
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5.2.2 Conclusions for 5.2.1 (saturated film density from methane studies) 
The comparison of 𝜌film,sat indicated by the O-K model and linear extrapolation have 
agreement within 4 % of discrepancy. The result and comparison are shown in Table 5-1.  
Sample 
Saturated 
film 
density 
estimated 
from the O-
K model      
[g/cm3] (ρ1)   
Saturated 
film density 
estimated 
from the 
linear 
extrapolation 
[g/cm3] (ρ2)   
% discrepancy 
[(ρ1- ρ2)/ ρ1]   
Different KOH  ratios       
2K monolith 0.422 0.438 -3.8 
3K monolith 0.385 0.394 -2.3 
4K monolith 0.345 0.356 -3.2 
Different binder/carbon mass ratios       
0.5 0.381 0.396 -3.9 
1.25 0.392 0.390 0.5 
2 0.410 0.395 3.7 
Different compaction temperatures             
(b/c = 0.5)       
25 oC 0.381 0.396 -3.9 
230 oC 0.392 0.393 -0.3 
260 oC 0.405 0.397 2.0 
Different compaction temperatures             
(b/c = 1.25)       
25 oC 0.392 0.390 0.5 
230 oC 0.406 0.391 3.7 
260 oC 0.392 0.393 -0.3 
 
Table 5-1 𝝆𝐟𝐢𝐥𝐦,𝐬𝐚𝐭 estimated from the O-K model and the linear extrapolation method. 
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Both methods indicate that monolith with a lower KOH ratio has a higher 𝜌film,sat and a 
hot compacted monolith could have a slightly greater 𝜌film,sat than a cold compacted one but the 
influence of b/c on  𝜌film,sat is unclear.  
𝜌film,sat estimates from the O-K model are ranged from 0.345-0.422 g/cm
3, which are 
below than the density of liquid methane, while the same estimates given by the linear 
extrapolation method are in the range of 0.356-0.438 g/cm3, which indicates that some of the 
saturated film resembles a liquid. To explain the small differences given by both methods, we 
should compare the different parts of data used by the O-K model and the linear extrapolation 
method. The O-K model estimates 𝜌film,sat from all experimental data under both low and high 
pressures. Therefore, in order to have the same 𝜌film,sat for two different isotherms under the O-
K model, both the isotherms should be identical. However, the linear extrapolation method just 
depends on the linear regime data under high pressure, as long as such data are identical for two 
isotherms, the estimates of 𝜌film,sat matches.  
In addition to FIGs 5-9 to 5-12, FIGs 5-13 and 5-14 further summarize the comparison of  
𝜌film,sat estimated by the O-K model and the linear extrapolation method.  Both of them show 
good agreements for monoliths fabricated with various KOH mass ratios (2K, 3K and 4K), b/c 
values (0.5,1.25 and 2) and compaction temperatures (25 oC, 230 oC and 260 oC). 
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Figure 5-13 Monoliths fabricated from precursor carbon activated with different KOH mass 
ratios have different 𝝆𝐟𝐢𝐥𝐦,𝐬𝐚𝐭. Estimates from the O-K model (blue cylinder) and the linear 
extrapolation method (red pyramid) have a good agreement.    
 
Figure 5-14 Monoliths fabricated with different b/c and compacted at different temperatures  
have different 𝝆𝐟𝐢𝐥𝐦,𝐬𝐚𝐭. Estimates from the O-K model (cylinder) and the linear extrapolation 
(pyramid) have a good agreement.    
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5.3 Saturated film thickness 
By plotting  Gex (g gas /g carbon) as a function of bulk gas density (g/cm
3), the slope of the 
linear part gives the volume of the saturated film per mass of carbon with the unit of 1/density. 
Further, by dividing the result by 𝛴, we can get the averaged thickness of the saturated film, a 
quantity that is generally considered not to be measurable. 
5.3.1 Methane studies  
Saturated film thickness based on 𝛴LA is found to be in a small range of 3.48-3.73Å, which 
is not a surprise because it was assumed that thickness was constant when we used linear 
adsorption region to determine 𝛴LA. For the same quantity, the estimate by using 𝛴BET is in a 
range of 2.08-3.27Å, much less than the range given by 𝛴LA and the expected value of 3.75Å 
which is the diameter of methane molecular. Such discrepancy may come from an 
extraordinarily high 𝛴BET. Table 5-3 shows the detailed results on saturated film thickness of 
various monolith samples, estimated by both 𝛴BET and 𝛴LA. The range of discrepancy is from 40 
to 70 % and the same comparisons are also illustrated by FIG 5-15 and 5-16. 
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Sample 
Saturated 
film 
thickness 
based on  
BET 
surface 
area  
[Å]     (t1) 
Saturated 
film 
thickness 
based on  
surface 
area from 
linear 
adsorption 
[Å]   (t2) 
% discrepancy 
  [(t1-t2)/t1] 
KOH  ratios       
2K monolith 2.08 3.48 -67 
3K monolith 2.17 3.61 -66 
4K monolith 3.27 3.73 -14 
        
binder/carbon mass ratios       
0.5 2.53 3.60 -42 
1.25 N/A 3.62 N/A 
2 N/A 3.60 N/A 
        
compaction temperatures  
 (b/c=0.5)       
25 oC 2.53 3.60 -42 
230 oC 2.57 3.61 -40 
260 oC N/A 3.60 N/A 
        
compaction temperatures   
(b/c=1.25)       
25 oC N/A 3.62 N/A 
230 oC N/A 3.62 N/A 
260 oC N/A 3.61 N/A 
Table 5-2 Comparison between film thickness found by using 𝜮𝐋𝐀 and 𝜮𝐁𝐄𝐓. 
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Figure 5-15 Monoliths fabricated from precursor carbon activated with different KOH mass 
ratios have different values of saturated film thickness. The estimates based on 𝜮𝐁𝐄𝐓 (blue 
cylinder) are 20-50 percent lower than their expected value (3.75 Å), and those based on 𝜮𝐋𝐀 
(red pyramid) agree with the expected value. 
 
 
Figure 5-16 Monoliths fabricated with different b/c compacted at different temperatures have 
different values of saturated film thickness. The estimates based on 𝜮𝐁𝐄𝐓 (cylinder) are 20-50 
percent lower than the expected value (3.75 Å), and those based on 𝜮𝐋𝐀 (pyramid) agree with the 
expected value. 
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5.4 Concluding remarks 
Hydrogen data were not used to estimate the saturated film density or the saturated film 
thickness or 𝛴LA because a good estimation is not available at room temperature and pressure up 
to 250 bar. As mentioned in 5.1.1.2, the hydrogen Gex does not show a peak or a decreasing trend 
under such condition.  
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Chapter 6: Determining Surface Areas from Linear Adsorption at Supercritical 
Conditions 
𝛴 is usually determined from adsorption isotherms using the BET method (section 3.2). 
However, some literature demonstrates the inadequacy of the such method [58,59]. Lattice-
theory suggest that the best conditions for measuring 𝛴  are in the supercritical region with 
temperatures about twice the critical temperature and the pressure well above the critical 
pressure. As discuss in Chapter 2, Gex will have a maximum peak and then the adsorption will 
decrease linearly. In this regime, the dependence of the Gex on the density is linear, and the 
coefficients of the regime can be used to determine Σ without knowledge of the area per 
molecule or a model for the adsorption isotherm [60].   
In order to determine 𝛴 from linear adsorption, first we must consider that at supercritical 
conditions, there is only monolayer adsorption. Second, the adsorption pressure must be high 
enough for a nearly complete monolayer coverage. In other words, the adsorption needs to reach 
a maximum peak and then decrease linearly in Gex as the pressure increases. As stated in 
equation 2-1, the Gex is  
𝐆𝐞𝐱(𝐩, 𝐓) =
𝐕𝐟𝐢𝐥𝐦
𝐦𝐬𝐨𝐥𝐢𝐝
(𝛒𝐟𝐢𝐥𝐦 − 𝛒𝐠𝐚𝐬) 
or 𝑮𝒆𝒙 = 𝑽𝒎(𝝆𝒇𝒊𝒍𝒎 − 𝝆𝒈𝒂𝒔), (6-1) 
where Vm is the volume of the monolayer adsorbed film per gram of adsorbent, 𝜌film is the gas 
density in adsorbed film, 𝜌gas is the bulk gas density of the supercritical adsorbate, and 
𝑽𝒎 = 𝜮𝐋𝐀𝒉. (6-2) 
In the above, 𝛴LA is the 𝛴 per gram and h is the thickness of the first layer.  For conditions where 
the first layer is full, the value  of 𝑉𝑚𝜌film is equal to the monolayer capacity, am: 
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𝒂𝒎 = 𝑽𝒎𝝆𝐟𝐢𝐥𝐦. (6-3) 
Combining equation 6-2 to 6-4 , we obtain  
𝑮𝐞𝐱 = 𝒂𝒎 − 𝜮𝐋𝐀𝒉𝝆𝐠𝐚𝐬. (6-4) 
For a completely covered monolayer ℎ = 𝐾𝜎1 2⁄ , where σ is the area occupied by one molecule 
of adsorbate, 𝜎 = 𝛴LA 𝑎𝑚,⁄   the value of K depends on the geometry of packing for molecules in 
the monolayer. The K value here was estimated to be 1.075 [59].  
By substituting  
𝑮𝐞𝐱 = 𝒂𝒎[𝟏 − 𝟏. 𝟎𝟕𝟓(𝜮𝐋𝐀 𝒂𝒎⁄ )
𝟑 𝟐⁄ 𝝆𝐠𝐚𝐬]  (6-5) 
when Gex =  0, the X-intercept 𝜌gas gives the 𝜌film,sat, that is 
𝝆𝐟𝐢𝐥𝐦,𝐬𝐚𝐭 =
(𝒂𝒎 𝜮𝐋𝐀⁄ )
𝟑 𝟐⁄
𝟏.𝟎𝟕𝟓
 (6-6) 
If both values of am and 𝜌film,sat are known from experimental isotherm, we can determine 𝛴LA 
from the equation below:  
𝜮𝐋𝐀 = 𝒂𝒎/(𝟏. 𝟎𝟕𝟓𝝆𝐟𝐢𝐥𝐦,𝐬𝐚𝐭)
𝟐/𝟑
. (6-7) 
6.1.1 Methane Studies 
The linear adsorption region used to find the 𝛴LA is the yellow region shown in FIGs 5-9 
to 5-12. Compared with 𝛴BET, 𝛴LA  also shows that monoliths from precursor carbon powders  
activated with different KOH mass ratios have different 𝛴. Monoliths from precursor carbon 
powder activated with a higher KOH mass ratio have a higher 𝛴, and such results agree with our 
previous studies [20]. The monolith with the lowest b/c has the greatest 𝛴 and monoliths 
compacted at different temperatures have about the same 𝛴.  FIG 6-1 is the comparison between 
𝛴BET and  𝛴LA for monoliths precursor fabricated with different KOH mass ratios. FIG 6-2 
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summarizes 𝛴 of monoliths fabricated with different b/c and at different compaction 
temperatures. Table 6.1 shows the comparison between 𝛴LA and 𝛴BET, in which 𝛴LA is about 30-
40 % less than 𝛴BET. These results agree with [61] in which the analysis of linear isotherms was 
founded on supercritical conditions, but the BET method gave 40% more 𝛴.   
 
Figure 6-1 A comparison between 𝜮𝐁𝐄𝐓 (cylinders) and 𝜮𝐋𝐀 (rectangles).  𝜮𝐋𝐀 agrees with our 
previous studies which suggest a higher KOH has a higher 𝜮. 
 
Figure 6-2 Estimated 𝜮 for monoliths with different b/c and compacted at different temperatures, 
cylinders for 𝜮𝐁𝐄𝐓 and rectangles for 𝜮𝐋𝐀    
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6.1.2 Conclusion for 6.1.1 (surface area determined from linear adsorption) 
6.1.2.1 Methane studies 
The reason we determine 𝛴 from linear adsorption under the supercritical conditions is 
that it does not require model fitting.  Also this method has the potential to provide an accurate 
estimate of 𝛴. One of the supporting point from data here is that the EB indicated by Aex plots 
based on 𝛴LA agree well with the O-K model.  
Sample 
BET surface 
area [m2/g] 
(s1) 
surface area 
from linear 
adsorption 
[m2/g] (s2) 
% discrepancy  
[(s1-s2)/ s1] 
KOH  ratios       
2K monolith 2000 1200 40 
3K monolith 2500 1500 40 
4K monolith 1900 1700 11 
binder/carbon mass ratios       
0.5 2300 1600 30 
1.25 N/A 1500 N/A 
2 N/A 1300 N/A 
compaction temperatures         
    (b/c=0.5)       
25 oC 2300 1600 30 
230 oC 2300 1600 30 
260 oC N/A 1600 N/A 
compaction temperatures       
      (b/c=1.25)       
25 oC N/A 1500 N/A 
230 oC N/A 1400 N/A 
260 oC N/A 1400 N/A 
Table 6-1 Comparison between  𝜮𝐋𝐀 and 𝜮𝐁𝐄𝐓 
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Chapter 7: Performances of the  ALL-CRAFT Carbon   
Carbons produced from a wide variety of carbon-rich raw materials, including petroleum 
coke, corncob, sawdust, wood, coal, peat, coconut shells, nut shells, bones and fruit stones. The 
well-known MSC-30 carbon from Kansai Coke & Chemicals Company and the AX-21 carbon 
from Anderson Development Co. are produced from petroleum coke. MeadWestVaco company 
makes carbon from sawdust and the ALL-CRAFT carbon is made from corncob.  
Several groups have used different raw materials to fabricate their carbons and monoliths. 
For the purpose of comparison, their highest monolith methane adsorption performances are 
listed in table 7-1.   
Team 
Raw 
Material 
Sample 
Name 
Pressure 
(bar) 
Temp. 
(K) 
Vst                   
(g CH4/LC) 
ALL-CRAFT Corncob BR-0311 35 298 112 
D. Lozano-
Castello [62] 
Spanish 
anthracite 
KUA31725 35 298 95 
M.S. 
Balathanigaimani 
[30]  
Corn 
grains 
MR-1/2-
CMC-5% 
35 293 66 
L. Giraldo [63] 
Coffee 
husks 
MHZ-RC 35 298 85 
J.P. Marco-Lozar  
[29] 
PVDC A3-48 30 298 110 
Table 7-1 Methane Vst of carbon monoliths under room temperature and 35 bar 
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The table clearly shows that the ALL-CRAFT monolith has the highest Vst. Meanwhile. 
the J.P. Marco-Lozar [29] sample A3-48 shows a performance close to the ALL-CRAFT 
monolith. Besides the ALL-CRAFT group, there were several other groups that worked on 
carbon-based ANG projects. Table 7-2 shows a  comparison of the best volumetric methane 
storage capacities in energy density with earlier carbon-based ANG projects participants, which  
is adopted from Proceedings of the 23rd World Gas Conference (International Gas Union, 
Amsterdam, 2006) authored by Y. Ginzburg. The conversion for 1.00 g CH4/liter sorbent is 1.53 
V/V (25 ºC) or 0.0578 MJ/liter. Again, the table clearly show that the ALL-CRAFT carbon has 
the highest performance.    
 
Project AGLARG EU FP5 
LEVINGS 
(FIAT) 
Oak Ridge 
National 
Lab  
Honda 
Motors 
University 
of 
Petroleum 
(China) 
Brazilian Gas 
Tech. Center 
(CTGAS) 
University of Missouri  
bp: before packing  
ap: after packing (monoliths) 
Years 1990-1999 1997-00 2000 2000- 1994-95 2000- 2012 
Pressure (bar) 35-40 
 
35-40 35 35 50 
 
35-40 35 
30 oC -25 oC -50 oC 
Tank uptake 
(MJ/L) 
5.7 
5.4 (onboard) 
4.6  5.7  5.9 4.2 
 
5.7 bp: 7.6 
ap: 6.5 
bp: 10.1 
ap: 8.7 
bp: 11.7 
ap: 10.2 
Tank design Multicell, 
extruded Al 
Multicell, 
extruded steel 
0.05-L 
vessel 
Multicell Unknown Cylinder, 30 L 2011:  Steel + glass fiber (43 L) 
2012: Aluminum (44.2 L) 
 
Table 7-2 Carbon-based ANG project performance comparison shows that ALL-CRAFT carbon 
has the highest performance.    
For the NG storage target set by DOE, table 7-3 shows ALL-CRAFT’s state of the art 
carbon performance compared with the ARPA-E’s Category 1 Technical Targets for the MOVE 
program. Our team expects to meet or exceed all the ARPA-E’s Category 1 Technical Targets 
for the MOVE program in the near future. 
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Target Metric Projected Performance ALL-CRAFT's State of the Art 
Energy density >12.5 MJ/liter (sorbent) 7.6 MJ/liter (sorbent) 
(35 bar, 20°C) >9.2 MJ/liter (monolith inside tank) 6.5 MJ/liter (monolith inside tank)  
  >12 MJ/kg (tank) >7.2 MJ/kg (tank) 
Conformability factor >92% ~80% (CNG tanks) 
Lifetime >500 cycles (100 to be tested) >100 cycles 
Combined tank and 
refueling station cost 
<$1,500 (combined) >$5,000 (combined) 
Table 7-3 Current ALL-CRAFT carbon performance in comparison with the ARPA-E’s 
Category 1 Technical Targets for the MOVE program. 
For hydrogen uptake performance, most existing records are reported at cryogenic 
temperature, but these results are not included for comparison here because all data in this 
project are obtained at room temperature. At room temperature and 200 bar,   J.P. Marco-Lozar 
[29]  has its highest hydrogen Vst performance at  8 g H2/LC. In comparison, the hydrogen Vst 
given by the ALL-CRAFT monolith BR-0311 is 15.6 g H2/LC, which almost doubles that given 
by the J.P. Marco-Lozar group.  Table 7-4 shows current ALL-CRAFT best sample performance 
at liquid-nitrogen temperature (77 K) and room temperature (298 K). The table clearly shows 
that ALL-CRAFT carbons can outperform the well-known commercial MSC-30 in both 
gravimetric and volumetric storage capacities.   
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Table 7-4 Comparison of hydrogen uptake performances 
 
Max. 
G ex
G st Vst
(wt%) (wt%) (g/L)
5K-0280
(77 K, 190 bar) 5.9 14 54 5.8, N/A
(296 K, 190 bar) 0.9 4.4 15
4K-0284
(77 K, 190 bar) 5.6 13 54 4.7, N/A
(296 K, 190 bar) 1 3.9 15
4K-0246 (B=4%)
(77 K, 190 bar) 5.1 12 52 5.5, 7.5
(296 K, 190 bar) 0.9 3.8 15
5K-0215 (B=8%)
(77 K, 190 bar) 4.3 11 50 6.2, 9.2
(296 K, 190 bar) 0.7 3.3 14
HS;0B-20
(77 K, 190 bar)
PVDC-0400
(77 K, 190 bar)
BR-0305
(298 K, 200 bar)
BR-0311
(77 K, 190 bar) 4.3 9 51
(298 K, 190 bar) 0.9 2.9 15
MSC-30
(77 K, 190 bar) 5.3 12 53
(296 K, 190 bar) 0.9 3.6 15
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Appendix A: Sorption Instrument 
A.1 0.5 L adsorption instrument adapted for room temperature hydrogen and methane 
adsorption measurement of monolithic adsorbents 
A.1.1  Introduction 
We custom-built a computer-control sorption instrument to measure room temperature 
hydrogen uptake on carbon monoliths from 5 to 300 bar. The instrument is named as “0.5 Liter 
Test Fixture” (0.5LTF). It has a 0.5 L test tank which allows measurement of large samples 
(250g), making the results less sensitive to sample inhomogeneity.  The analyzable sample mass 
is much larger than commercial gas sorption instruments [64], most of which can only measure a 
small amount of samples (milligram to grams) with the pressure range from 0 to 200 bar. Several 
labs have also custom-built their instruments [65-69], but their instruments can measure, at most, 
2.5 g samples and at pressures up to 150 bar.  
A.1.2 0.5 Liter Test Fixture 
 
Figure A-1 Schematic of the instrument setup 
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Figure A-2 The Labview program view of the instrument setup 
The instrument, shown schematically in FIG. A-1 and A-2, is a LabView controlled, 
reservoir-type manometric adsorption instrument. The main part of the instrument is composed 
of a dosing tank (reservoir) and a test tank (sample container).  The test tank is located inside an 
integrated glove box. The glove box is filled with a nitrogen atmosphere to prevent exposure of 
the samples to oxygen or moisture while transferring degassed samples to the test tank. This 
allows for measurement of large samples that may be degraded upon exposure to air, such as 
boron-doped carbons [70, 71].  Nitrogen gas inside the glove box is cycled through a purifier to 
reduce moisture and oxygen content. 
The volume of the test tank was designed to be 0.5 L nominally. The dosing tanks were 
chosen to be at least 2.25 L in order to ensure that the test tank can reach a maximum testing 
pressure of 300 bar. The exact volumes of the dosing tank and the test tank were determined by a 
standard gas expansion method (see supporting information A.1.10).  
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A.1.3 Experimental setup 
Before measurement, monoliths are degassed using a stainless steel transfer vessel for 2 
hours at 400 °C to remove any previously adsorbed gases.  The monoliths are removed from the 
transfer vessel inside of the nitrogen glove box and the sample mass is measured using a balance 
inside of the glove box (Mettle Toledo NewClassic Balance ML model 820 ± 0.01 g).  The 
monoliths are then loaded into the test tank along with several disc-shaped stainless steel volume 
displacers (Vd ; 8.8 cm diameter, 1.27 cm height ) to minimize the unoccupied volume in the test 
tank.  After the sample is loaded, the entire system is degassed using a turbo-molecular pump. 
A.1.4 Data acquisition and processing 
The adsorption measurement begins by filling the dosing tank to a high pressure (330 bar).  
The pressure and temperature of the dosing tank is measured and the gas density (𝜌DT,i) is 
collected from the NIST Thermophysical Properties of Fluid Systems database. For each data 
point (denoted by j), the pneumatically actuated regulator is used to set the desired pressure in 
the test tank.  Once the desired pressure is reached, the system is allowed to equilibrate for 30 
minutes.  The pressure and temperature data points during the final minute of the 30 minute 
equilibration are averaged and the densities of the dosing tank  (𝜌DT,j) and test tank 𝜌TT,j are 
collected from the NIST Thermophysical Properties of Fluid Systems database. 
The Gex for the j
th data point is calculated using 
𝐺ex =
1
𝑚s
[(𝜌DT,i − 𝜌DT,j)VDT − 𝜌TT,j(VTT − Vs − Vd)] 
Where ms is the sample mass, VDT is the dosing tank volume , VTT is the test tank volume and 𝑉d 
is the volume of the volume displacers. 
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The use of a regulator to set the gas pressure in the test tank, as opposed to simple gas 
expansion, makes the calculation of each data point independent of all previously measured data 
points. In other words, this instrument does not have the cumulative errors that is associated with 
other manometric adsorption instruments.  After the first complete isotherm measurement, a 
second measurement is conducted by degassing the sample with the turbo-molecular pump for 
one hour. All system controls, data collection, data reduction, and uptake calculation are 
managed by the LabVIEW program.   
A.1.5 Equilibrium time for adsorption 
FIG A-3 shows that for adsorption of hydrogen and methane at a fixed pressure, the monolith 
reaches its maximum uptake capacity in about 24 minutes. After 25 minutes the uptake reaches a 
plateau. We therefore set the equilibrium time for 30 minutes. 
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Figure A-3 Hydrogen and methane Gex on monolith BR-0122 as function of time at constant 
pressure. 
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A.1.6 Heat of adsorption (enthalpy of adsorption) 
To find the full isotherm (5-250 bar) of a monolith sample, the test pressure will increase 
every 30 minutes. During the isotherm measurement, the test tank pressure and temperature rise 
due to adiabatic compression and the energy released during attractive interactions (heat of 
adsorption). The heat of adsorption is determined from Clausius-Clapeyron analysis of 
adsorption isotherms at two different temperatures. However, since the instrument can only 
measure the room temperature isotherm which is not sufficient to do the calculation, the 
estimation of the heat of adsorption is not available. FIG. A-4 shows the temperature increase for 
monolith BR-0122 upon adsorption is 0.2 °C for hydrogen and 0.4°C for methane.  This 
difference in temperature is indicative of the difference in the heat of adsorption for hydrogen 
and methane on carbon materials (~4-5 kJ/mol for hydrogen; ~10 kJ/mol for methane).   The 
temperature then reaches to equilibrium in about 5 minutes.  
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Figure A-4 Curve corresponding to pressure and temperature inside the test tank during 
hydrogen (right) and methane (left) uptake measurement. 
A.1.7 Safety Measures 
Since the instrument operates with highly pressured and flammable gasses, we considered 
several safety precautions when designing the instrument. All parts of the instrument are rated 
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0
20
40
60
80
100
120
140
T
e
m
p
e
ra
tu
re
 (
o
C
)
 
Time (hours)
P
re
s
s
u
re
 (
b
a
r)
23.9
24.0
24.1
24.2
 
BR-0122 Test Tank
Heating due to adiabatic compression
and heat of adsorption 
methane data
82 
 
for 344 bar or higher.  To ensure that there can be no excessive pressure in the instrument, there 
are several safety relief valves that are set to release gasses at 340 bar to prevent component 
damage or injuries. 
If hydrogen or methane gasses are detected at a concentration of 1 volume percent inside of 
the glove box, an alarm sounds and all electronic valves shut down to ensure no more gasses 
flow into the test tank or glove box.  This procedure prevents any leaking gasses from reaching a 
flammable limit. 
A.1.8 Result and discussion 
A.1.8.1 Repeatability and Reproducibility 
Hydrogen and methane Gex isotherms were measured for a monolithic sample, BR-0122.  
Measurements were compared from a manometric instrument (Appendix A.2) and from a 
gravimetric instrument (Appendix A.3).  Hydrogen Gex isotherms on carbon monolith BR-0122, 
shown in figure A-5, were measured multiple times to verify repeatability of hydrogen uptake 
results (within 2%). Measurement of BR-0122 also showed good agreement (within 5%) with 
results from the commercially available Hiden HTP-1 Volumetric Analyzer (Hiden Isochema; 
Warrington, UK).   
Methane Gex isotherms on carbon monolith BR-0122, shown in figure A-6, were 
measured multiple times to verify repeatability of methane uptake results (within 2%).  
Measurements showed good agreement (within 5%) with Hiden HTP-1 Volumetric Analyzer 
Additionally, measurements also agreed with results from a custom-built gravimetric instrument 
within 2%. 
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Figure A-5 Comparison of hydrogen Gex results on monolith BR-0122 from the 0.5 L instrument 
and the Hiden HTP-1.  
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Figure A-6 Comparison of  methane Gex results on monolith BR-0122 from the 0.5 L instrument, 
the Hiden HTP-1 and the gravimetric instrument.  
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A.1.8.2 Analysis of Instrument Performance 
A.1.8.2.1 Precision 
To investigate potential errors that might occur from the instrument, hydrogen and 
methane uptake (FIG A-7) were measured multiple times with blank samples (empty test tank). 
Since there is no adsorbing sample, these uptakes should be zero. 
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Figure A-7 Hydrogen (left) and methane (right) total excess adsorption of blank samples (empty 
test tank). 
A.1.8.2.2 Uncertainty 
As shown in figure A-5, carbon monolith BR-0122 has hydrogen Gex of  7.6 g H2/kg C at 
200 bar, which gives a total excess adsorption of 0.46 g of hydrogen [(60 g C x 7.6 g H2/kg C) = 
0.46 g H2 ].  The maximum instrument errors from the blank uptakes, shown in figure A-7 at left, 
is approximately ± 0.025 g hydrogen. This gives an uncertainty of about 5% in hydrogen Gex.  
As shown in figure A-6, carbon monolith BR-0122 has a methane Gex of 115 g CH4/kg C  
at 200 bar, which gives  a total of 7.2 g of methane [(60 g C x 115 g CH4/kg C) = 6.9 g CH4].  
The maximum instrument uncertainty from the blank uptake, shown in figure A-7 at right, is 
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approximately ±0.2 g methane.  This gives an uncertainty of about ±3% in methane Gex. The 
uncertainty is thereby reduced by using more samples.   
A.1.9 Conclusion  
An instrument was constructed that is capable of measuring room temperature hydrogen 
or methane adsorption isotherm at pressures ranging from 5 to 300 bar. The instrument can 
measure samples in a large quantity (35-250g) in the 0.5 L test tank. Also, the instrument can 
measure material that cannot expose to air (boron doped carbon monoliths) because the test tank 
is located inside an integral glove box.   Measurements are repeatable and the results are 
validated by other instruments in our lab which have close agreement (within 2-5%). 
A.1.10 Supporting Information 
Images of the Sorption Instrument 
 
Figure A-8 An overview of the sorption instrument : (A) dosing tank; (B) vacuum gauge 
pressure indicator; (C) gas distribution panel; (D) electric panel; (E) molecular pump; (F) 
moisture indicator; (G) oxygen indicator; (H) gas booster control panel; (I) test tank (inside the 
glove box, not visible in this picture); (J) hydrogen detector  (not visible in this picture); (K) 
methane detector. 
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Figure A-9 Sample transfer vessel 
 
 
Figure A-10 Extended schematic of the test fixture including ancillary equipment. 
A.1.10.1.1 Volume Calibration 
Volume calibration is a major source of experimental error.  To maximize the accuracy of 
the adsorption measurement, we must know the volumes as accurately as possible. FIG A-10 
indicated the volumes involve in this calibration procedure. 
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While this procedure is much less complicated, each measurement will have one subscript.  The 
subscript indicates which pressure transducer is used for the measurement (DT – dosing tank, TT 
– test tank and which measurement it is and this number increases sequentially.  For example, the 
first measurement from pressure transducer number P1 (in the dosing tank) is 𝑃DT,1, the second 
measurement from this same transducer is 𝑃DT,2, the third 𝑃DT,3, etc.   
A.1.10.1.1.1 Volume calibration procedure 
We have two unknowns, so we must generate two equations that we may solve. 
1. First, the test tank must be empty. 
2. Vent the entire system to atmosphere. 
3. Close the system regulator and evacuate the test tank to 10-6 torr. 
4. With the system regulator closed, increase the pressure in VDT to 300 bar.   
5. Record the pressure in VDT (𝑃DT,1) and the temperature in the dosing tank (𝑇DT,1). 
6. Wait until the pressure is stable. 
7. Open the system valve and wait until the pressure and temperature in the dosing tank and 
the test tank is the same (+/- 0.1 oC). 
8. Once the pressure and temperature are stable, record the pressure in VDT (𝑃DT,2) and the 
pressure in VTT (𝑃TT,1) and the temperature in the dosing tank (𝑇DT,2) and temperature in 
the test tank (𝑇TT,1).   
This gives us our first equation: 
𝜌(𝑃DT,1, 𝑇DT,1)VDT = 𝜌(𝑃DT,2, 𝑇DT,2)VDT + 𝜌(𝑃TT,1, 𝑇TT,1)VTT 
9. Vent the system to atmospheric pressure. 
10. Add as many of the steel known volume displacers as possible.  The total volume of all of 
the volume displacers is Vd. 
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11. Close the system valve and evacuate the sample tank to 10-6 torr. 
12. With the system regulator closed, increase the pressure in VDT to 300 bar.   
13. Wait until the pressure is stable. 
14. Record the pressure in VDT (𝑃DT,3) and the temperature in the dosing tank (𝑇DT,3).   
15. Open the system valve and wait until the pressure and temperature in the dosing tank and 
the test tank is the same (+/- 0.1 oC). 
16. Record the pressure in VDT (𝑃DT,4) and the temperature in the dosing tank (𝑇DT,4).  
Record the Pressure in VTT (𝑃TT,2) and the temperature in VTT
 (𝑇TT,2). 
This gives us our second equation: 
𝜌(𝑃DT,3, 𝑇DT,3)VDT = 𝜌(𝑃DT,4, 𝑇DT,4)VDT + 𝜌(𝑃TT,2, 𝑇TT,2)(VTT − Vd) 
These equations solved for the two unknowns VDT  and VTT. 
A.2 Hiden HTP-1 Volumetric Analyser 
The HTP-1 Volumetric Analyser is a commercially available manometric adsorption 
instrument manufactured by Hiden Isochema (Warrington, UK).  In the instrument used for this 
study, pressures are measured using a 200 bar Baratron capacitive manometer (uncertainty 
0.05%FS).  Sample temperature is measured using a k-type thermocouple inserted directly into 
the sample.  The dosing volume is contained within a temperature controlled cabinet.  Cabinet 
temperature is measured using two platinum resistance thermometers.  Sample masses measured 
on this instrument are on the order of hundreds of milligrams.  Sample masses are determined in 
vacuum.  The commercially available activated carbon MSC-30 (Kansai-Coke and Chemical) 
was measured on this instrument to validate volume calibration. 
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A.3 Gravimetric Methane Measurements 
The gravimetric methane instrument is a custom-built gravimetric instrument that is used 
for measuring gram quantities of powdered or pelleted samples.  For each data point, four mass 
measurements are required: (1) the empty cell under vacuum 𝑚c, (2) the empty cell at the desired 
pressure of methane 𝑚c,CH4, (3) the cell with sample under vacuum 𝑚c,s, and (4) the cell with 
sample at the desired measurement pressure 𝑚c,s,CH4.  The gravimetric excess adsorption at a 
pressure 𝑝 and temperature 𝑇 is given by: 
 𝐺ex(𝑝, 𝑇) =
(𝑚c,s,CH4 −𝑚c,s)−(𝑚c,CH4−𝑚c)(1−
𝜌CH4
(𝑝,𝑇)
𝜌skel
)
𝑚c,s−𝑚c
 
where 𝜌CH4(𝑝, 𝑇) is the gas density of methane collected from the NIST webbook of 
thermophysical properties of fluid systems and 𝜌skel is the skeletal density of carbon, assumed to 
be 2.00 g/cm3. 
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